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Abstract

This Thesis is addressed to the development of side-chain functionalized polyurethanes
(FPUs), with enhanced properties, made from fatty acid-based functional diols and two
different diisocyanates; isophorone diisocyanate (IPDI) and hexamethylene
diisocyanate (HDI). The novel FPUs present tertiary amine and alkyl, allyl, propargyl
moieties or the combination of these, as side-chain positions groups. The FPUs were
further modified via two post-polymerization mechanisms based on covalent or non-

covalent bonds.

In the first case, photoinitiated thiol-ene/yne coupling reaction between allyl,
propargyl-functionalized PUs (based on IPDI) and thioglycerol was carried out.
Obtained hydroxyl-PUs exhibit different thermal and mechanical properties in
comparison with precursor PUs. Moreover, the incorporation of hydroxyl groups lead
to PUs with enhanced hydrophilicity. Alternatively, the FPU (based on IPDI) containing
only tertiary amine pendant group was mixed with different carboxylic acids in an acid-
base reaction. Supramolecular ionic PUs were characterized by spectroscopic tools to
verify the presence of ionic hydrogen bond as ionic interaction. Correlation between
structure and thermal and mechanical properties was demonstrated. Samples show

rapid thermal reversibility and recyclability thanks to the reversible bonds.

In addition, elastomeric supramolecular PUs networks were prepared from HDI and
aminodiol. The resulting materials exhibit some promising adaptive material properties
such as effective energy dissipation upon deformation through unzipping the ionic
hydrogen bonding network, combined with good shape-regeneration property and
recycling/reshaping capability arising from their recoverable nature. More importantly,
the resulting biobased elastomers possess the inherent self-healing ability, which can

be seen as an upgrade of their sustainability.
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A novel shape-memory polyurethane network is constructed by the thiol-ene
functionalized polyurethane via dynamic ionic hydrogen bonds and covalent cross-
links. By varying the covalent cross-linking density, the mechanical properties and the
stimuli-responsive behaviour can be systematically tuned. This synthesis demonstrates
a simple and effective pathway to fabricate multifunctional polyurethanes with desired
functions, and the strategy can also be extended to exploring other types of dynamic
non-covalent or covalent interactions to access a new range of multi-responsive

properties.

Key words: bio-based polyurethanes, fatty acid, tertiary amine-containing diols
monomers, side-chain functionalization, supramolecular interactions, hydrophilicity,

self-healing properties, shape-memory properties.
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Chapter 1

Aim, Outline and Structure




UNIVERSITAT ROVIRA I VIRGILI
AVANCES EN SISTEMAS INTERACTIVOS PARA PERSONAS CON PARALISIS CEREBRAL
Marc Comi Bonachi



UNIVERSITAT ROVIRA I VIRGILI
AVANCES EN SISTEMAS INTERACTIVOS PARA PERSONAS CON PARALISIS CEREBRAL

Marc Comi Bonachi

Aim, outline and structure | 3

1.1. Aim and outline

In this Thesis, the potential use of vegetable oil-based monomers to prepare
polyurethanes (PUs) is highlighted. PUs are extremely versatile materials allowing a
huge variety of applications in automotive, building and construction, flooring and
packaging or in the medical field. They are synthesized from polyol and
poly(isocyanate) reactants producing carbamate (urethane) bonds. It is worth noting
that most of PUs come from the petroleum-based feedstocks, therefore, there is a
growing interest in the use of natural reagents to replace petroleum based PUs. The
preparation of PUs from renewable feedstock is currently receiving increasing
attention in the industry and academia. In point of fact, there are more than 20
different polyols which are currently available commercially, and all of them coming

from vegetable oils.

For many high-tech applications PU materials should bear functionalities enabling
tuning final material properties. The functionalization of PUs can be accomplished by
introducing functional groups into oligodiols and further polymerization, post-
polymerization modification, or by combining both strategies. Although the former
approach is more experimentally feasible for the ease of incorporating functional
groups into low or medium molecular weight oligodiol, in practice the functionalization
is achieved by a variety of methods including the synthesis of polyols bearing reactive
pendant groups to prepare novel comb-type, grafted structural functional polymers
through post-modification. So far, there have been a few reports focusing on the

preparation of novel functional bio-based PUs bearing reactive pendant groups.

Over the past few years, several approaches have been used to enhance the properties
of PUs, in this way the synthesis of supramolecular PUs (SPUs) can receive relevant
attention. These reversible behaviours endow supramolecular systems with versatile
functions, such as facile processing/recycling, self-healing, shape memory and high
stimuli-response. Several features make supramolecular chemistry particularly
attractive when comes to self-healing: reversibility and speed, directionality, and

sensitivity. In contrast to covalent bonding, these networks can be remodelled rapidly
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and reversibly form from fluid-like to solid-like states. The possibility to repeatedly
conduct the healing process even after multiple damages have occurred is the most
important benefit of supramolecular self-healing materials. Supramolecular shape-
memory PUs based on thermal-reversible non-covalent bonding recently have been
another new kind of shape-memory polymers. In these systems, the reversible non-
covalent interactions are used to stabilize mechanically strain stated in polymer
elastomers; and shape recovery is achieved upon heating due to the dissociation of

non-covalent bonds.

This Thesis is specifically addressed to prepare renewable PUs from castor oil and to
develop functionalized monomer and polymer synthesis strategies to introduce
different reactive side-chain points. Further the post-polymerization modification by
different reactivity strategies result in, PUs systems with new properties. To achieve
this goal, the experimental work was focused in 10-undecen-1-ol derived from the
catalytic reduction of the 10-undedenoic carboxylic acid group, which is obtained from

the pyrolysis of castor oil.

The specific objectives are:

- To prepare renewable monomers from castor oil derivatives containing
different side-chain functional groups inert in front to isocyanate groups.

- To develop new side-chain functionalized PUs with isophorone (IPDI) and
hexamethylene diisocyanate (HDI) respectively.

- To carry out the post-polymerization modification in mild conditions by using
thiol-ene/yne coupling reactions.

- To prepare a family of supramolecular side-chain PUs using a PU which contains
tertiary amine as pendant group and carboxylic acids.

- To combine the post-polymerization modification by photoinitiation thiol-
ene/yne coupling reactions and supramolecular chemistry to synthetize
supramolecular PU networks

- To analyse the new acquired properties of the modified PUs.
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1.2. Structure of the Thesis

The work presented in this Thesis consists of eight chapters including aim and outline,

experimental part and conclusions.

Chapter 1 is a general introduction of the Thesis which includes its aims and

organization.

Chapter 2 is an introduction which reviews some aspects of polymers from renewable
resources, especially from vegetable oils, such as their main synthetic methods, types
and applications, with emphasis on the polymer functionalization. PUs partially
synthesized from vegetable oils are contemplated together with the functionalized

PUs.

In the following chapters, relevant aspects in the synthesis of functionalized PUs from
vegetable oils, using covalent and non-covalent PU modifications are studied, and the
new properties that have these obtained PUs. The chapters 3, 4, 5 and 6 describe each
one of studies in chronologic order taking advantage of previous chapter’s synthesis or

results.

Chapter 3 explores the feasibility of synthesizing monomers with alkene/yne pendant
groups derived from 10-undecen-1-ol and subsequently polymerization with IPDI to
obtain alkene- alkyne side-chain PUs. These functionalized PUs have been further
modified with thioglycerol via thiol-ene/yne coupling reaction resulting hydrophilic

PUs. Thermal and mechanical properties are evaluated.

In Chapter 4 we aim at exploiting the potential of supramolecular chemistry in the
synthesis of new PUs with supramolecular interactions based on fatty acid derivatives.
The tertiary amine pendant group of PU has been used in the acid-base reaction with
different carboxylic acids. Correlation between chemical structure and physical

properties of the obtained PUs with ionic interactions is analyzed.
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Taking advantage of the previously synthesized supramolecular PUs, our aim in
Chapter 5 was to use the same strategy to prepare dynamic ionic PU networks. The
chapter describes the preparation of new elastomeric PUs interpenetrating with di-
and triacids by ionic hydrogen bonds. Mechanical properties of the obtained networks
have thoroughly been analyzed. In addition, the potential application of the resulting

materials as self-repairing materials is studied

Chapter 6 deals with the modification of PUs by introduction of two different groups
by orthogonal post-polymerization modification process. Thus, the synthesis of ionic-
covalent PU networks which present covalent and non-covalent modifications is
described. Shape memory properties to develop materials with new potential

applications are evaluated.

In Chapter 7 collects the experimental part of this Thesis including raw materials,

chemical methodologies and instrumentation.

Finally, Chapter 8 presents the conclusions drawn from the results obtained in this

Thesis.
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2.1. Renewable resources

The world's human population has increased near fourfold in the past 100 years, it is
projected to increase from 9,2 billion by 2050. The median age of the world’s
population increases from 26.6 years in 2000 to 37.3 years in 2050. In 1960, roughly
three billion people inhabited the planet; some 50 years later, in 2016, it was seven
billion - with almost one billion people being added in the last decade 2005-15. This

dramatically dates indicate that the Earth will suffer overpopulation.l'3

The main problem associated with overpopulation is the increased demand for natural
resources faster than the rate of regeneration. In this case non-renewable resources,
either form slowly or do not naturally form in the environment, actually naturally
depletes and some cannot be recycled. Fossil fuels are created by the decomposition

of dead plant and animal life that existed in the Earth millions of years ago.

The simple fact that it takes millions of years for fossil fuels to accumulate while the
deposits are extracted rapidly, making it impossible for the rate of creation to keep up
with the rate of extraction.® More generally, if the extraction rate is faster than
replenishment rate the resource will be finite in the sense that it will eventually be

depleted.*”

The fossil fuels include petroleum, coal and natural gas and they represent more than
75% of resources were consumed by human are shown in Figure 2.1. In fact, nowadays
the whole world is dependent on fossil fuels to fulfil their daily energy needs and a
wide range of industrial materials such as solvents, fuels, synthetic fibers, and chemical

products are being manufactured from petroleum resources.®
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Figure 2.1. Graphic of world population and global energy consumption.
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The utilization of renewable resources in energy and material applications is receiving

increasing attentions in both industrial and academic settings, due to concerns

regarding environmental sustainability.7 In the last 50 years, the global energy demand

has tripled due to the number of developing countries and innovations in technology.

It is projected to triple again over the next 30 years. In Europe, many in such

developing areas recognize that the need for renewable energy sources, as the present

course of energy usage cannot be sustained indefinitely.

The demand for polymer is driven by growth in end use markets, such as packaging,

automotive, infrastructure, transport rails, and telecommunication mainly from

emerging economies. Polymers are continuously substituting metals, glass, paper, and

other traditional materials in various applications due to its lightweight and strength

and the design flexibility they offer brand owners along with low-cost. Polymers

segment is expected to witness the highest growth over the next five years, increasing

application of engineered plastics in various fields such as construction, automotive,

and industrial manufacturing equipment.
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2.2. Polymers from renewable resources

The polymer revolution was indeed one of the most significant feats of the
petrochemical boom. Nowadays, most commercially available polymers are derived
from non-renewable resources and account worldwide for approximately 7% of all oil
and gas used.® Nature offers an abundance of opportunities for designing novel
monomers and shaping structural and functional polymers in its wide variety of raw
materials. Presently, their relative use for synthesis of monomers and polymers

compared to petrochemicals is small.’

Nowadays, the strategy consists of developing systems capable of valorising in an
optimized fashion all the components in terms to technical, economic and green
issues, of a given vegetable or animal resource, without going to the detriment of food
and feed production.10 The compounds from renewable resources most used in the
synthesis of polymers derived from vegetable resources and the compounds extracted
from plants are shown in Figure 2.2, such as carbohydrates, lignins, terpens, sugars,

polycarboxylic acids and triglycerides, gained relevancy in the last decade. ™"

The vegetable polysaccharides probably are the most important family of renewable
resource in terms of abundance and its vast potential to provide a remarkable variety
of macromolecular materials, such as cellulose and starch. Cellulose as the most
abundant biopolymer on the Earth, which some 1 billion tons in essentially vegetable
biomass, readily renewed thanks to solar energy and is essential in the novel strategies
that comply with the realization of the biorefinery concept.’® The first production of
continuous cellulose materials like fibres and films dates back to the end of the 19™

century.

The knowledge of its highly hidrophilicity property and biodegrability character are

promoted numerous studies where combine cellulose nanofibres or nanocrystalls with

other polymers to make novel materials.***
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Figure 2.2. Some compounds from vegetable resource more used in chemical

Starch plays the fundamental role of the reinforcement element in the some plants
structure such as potato, rice and corn. The starch appears in the nature in form of
granules. The use of starch-based macromolecular materials has been assessed in the

16 Usually the starch in polymers synthesis is in form to

last years in literature.
thermoplastic starch. This is obtained by submitting starch granules to a thermo-
mechanical destructing in the presence of water and a plasticizer, a process known as
gelatinization, which renders the material amorphous. Their incorporation into
different polymer matrices is providing a novel family of composites, such as for

packaging applications.17

In addition other family of renewable resources provide from lignin that defines a
vegetable biopolymers characterized by complex macromolecular structures
containing of highly branched aromatic-aliphatic moieties. The lignin in the woody
composites of vegetables is playing the role of barrier to moisture.'® Only about the 2%
of the some 70 Mt of lignin thus extracted throughout the world is presently exploited
as a chemical commodity.19 Much has been done in both fundamental and applied

research to find novel ways to exploit these lignin fragments, particularly in the field of
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macromolecular materials derived from small molecules like phenols, such as the

synthesis of polibenzoxazines resins.?

The sugars are a very important renewable source of building blocks for the
preparation of a variety of polymers which find valuable application, especially in the
biomedical field, thanks to their biocompatibility and biodegradability.”* This type of
compounds are natural diols and can be used directly to prepare polyesters,
polyurethanes, polycarbonates and polyethers, and after appropriate modifications,
polyamides and polyimides. Such as, the synthesis of a new family of polyurethanes
and poly(ester-urethanes), prepared from both aliphatic and aromatic diisocyanates

and isorbide >

Terpenes are a family of compounds that in mixture formed turpentine, the volatile
fraction of pine resin and others conifer trees. The resin of these vegetables has been
thoroughly exploited for millennia for a variety of useful applications. The global
production of terpenes is nearly to 350.000 Tn per year. The polymer production from
terpenes is related with the development of cationic initiators and is based in cationic
polymerization of pinenes or limonenes, because they can be readily isolated in viable
amounts.”* Recently studies have shown original alternative mode of preparing
polymeric materials from terpenes, makes use of ring-opening metathesis
mechanism.” Also the chemical modification of these molecules aimed at preparing
others different and attractive polymeric materials. These polymers find applications in
paper sizing, adhesion and tack, emulsifications, coatings, drug delivery and printing

inks.2®

Other molecules derived from natural procedures and that offers a large range in the
synthesis of polymers used as monomer or additive, are the polycarboxylic acids such
as citric or succinic acid. These carboxylic acids are obtained from sugar cane, cellulosic
or starch materials. Citric acid is a low cost commodity prepared industrially by a
fermentation process producing about 70000 Tn annually. This triacid is used in

synthesis of oligoesters with diol mixture,?’ or is introducing into a polyesterification
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systems favouring their crosslinking in order to prepare high-tech coatings. While
succinic acid is obtained from the fermentation of glucose and it can be exploited in

the synthesis of polyesters, polyamides, copolymers and monomeric structures.??

2.3. Vegetable oils

Vegetable oils are considered to be one of the most important groups of renewable

303132 This used as raw materials

resources for the production of biobased polymers.
offers numerous benefits, such as important purity, inherent biodegradability, low
toxicity, high availability, versatile applications and relatively low price compared to
others renewable resources and petroleum-based chemicals. The main constituents of
vegetable oils are triglycerides, which are the product of esterification of glycerol with
three fatty acids. Fatty acids account for 95% of the total weight of triglycerides and a

general molecular structure of triglycerides is demonstrated in Figure 2.3.

Triglyceride

Formmemr e, T T T T T N\
: fatty acid Of 0o I
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Figure 2.3. General structure of trygliceride.

The fatty acid mainly determines the physical and chemical properties of vegetable
oils, these it depends on chain length and the numbers and locations of functional
groups in the fatty acid chains. Usually, the length of the fatty chain is between 12 to
22 carbons and the number of double bonds is between 0 to 3 per fatty acid, as well as

their positions within the aliphatic chain, also strongly affects the oil properties.33

Moreover, there are fatty acids with more functionalities than double bond, such as
hydroxyl or epoxy group. In Figure 2.4, are shown some of the most significant fatty

acids due to either their abundance or their functionality.a"1
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Figure 2.4. Structure of some important fatty acids.

The fatty acid composition of triglycerides diversifies depending on the crop, the plant,
the season and the growing conditions. The average number of double bonds per

triglyceride varies in different oils, the fatty acid content is placed in Table 2.1.

Table 2.1. Fatty acid percentage in various plant oils.

Fatty acid CDB? Canola  Com  Castor Linseed  Olive Palm Soybean Sunflower  High oleic
Myristic 14:0 0.1 0,1 0 0 0 0,1 0.1 0 0
Myristoleic 14:1 4] 0 0 0 0 0 0 1] 0
Palmitic 16:0 4.1 10,9 1 5.5 13.7 444 11 6,1 6.4
Palmitoleic 16:1 0.3 0.2 0 0 1.2 0.2 0.1 0 0.1
Margaric 17:0 0.1 0.1 0 0 0 0.1 0
Margaroleic 17:1 0 0 0 0 0 0 0
Stearic 18:0 1.8 2 1 35 25 4.1 4 39 3.1
Oleic 18:1 60,9 254 3 19,1 71.1 39,3 234 42,6 82,6
Linoleic 18:2 21 59.6 42 15.3 10 10 53,2 46,4 23
Linolenic 18:3 8,8 1,2 0,3 56,6 0.6 04 7.8 1 3.7
Arachidic 20:0 0,7 04 0 0 09 03 0,3 0 0,2
Gadoleic 20:1 1 0 0 0 0 0 0 0 0.4
Eicosadienoico 20:2 0 0 03 0 0 0 0 0 0
Behenic 22:0 03 0,1 0 0 0 0,1 0,1 0 03
Erucic 22:1 0.7 0 0 0 0 0 0 0 0,1
Lignoceric 24:0 0.2 0 0 0 0 0 0 0 0
Ricinoleic 18:1 0 0 89.5 0 0 0 0 1] 0
Dihydroxystearic 18:0 0 0,7 0 0 0 0 0 0
DB/Triglyceride 39 45 31 6.6 2.8 1.8 4,6 4,5 3

* C, number of carbon atoms; BD, number of C=C doble bonds.

Particular attention has been paid to investigating the suitability of vegetable-oil-based
polymers as future biomaterials. Vegetable oils such as soy, palm, linseed, sunflower

and castor are valuable resources for the preparation of a variety of polymers.

In general, there are three main routes for the preparation of polymers from plant oils

are shown in Figure 2.5. The first is the direct polymerization through the double
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bonds or other reactive functional groups present in the fatty acid chain. The second
route consists of the chemical modification of the double bonds, introducing functional
groups which are easier to polymerize, and the third is the chemical transformation of
plant oils to produce platform chemicals which can be used to produce monomers for

the polymer synthesis.34

Plant Qils Chemical transformation
I ]

Direct Polymerization Functionalizationand Monomer synthesis
Polymerization T

| Polymerization

1
o] (o]
RH%’YOMWW NE‘\/* HOEK/\/W:\.B\I-'/\/\/
Rz\n«o Cationic, radical or termal Epoxy resins
o] polymerization Polyethers o J,
o} o OH 2 ooz
RADNTOIAAAAANA m "o
Rz+r© Polyurethanes ' OH ' / \
o] Polyacrylates o
o HO S s HOJ'K/\N\/\H-OH
J’\)_OT;{‘L Polyurethanes, polyethers, polyesters, ©
Polyurethanes polyamides, etc.

Figure 2.5. General routes to syntetize polymers from plant oils.

2.3.1. Direct polymerization

During the last decade, a variety of vegetable oil-based polymeric systems have been
developed.35 The direct polymerization of vegetable oils is generally considered
difficult due to their lack of active functional groups. Unmodified vegetable oils have
been polymerized by thermal®® or cationic®’ polymerization methods. Vegetable oils
such as linseed and tung oils have been classically exploited as drying oils. Drying oils
can undergo auto-oxidation with the help of oxygen atmosphere to form peroxides,38
which undergo crosslinking through radical recombination to form highly branched or
crosslinked polymeric materials.>® This polymerization is used mostly in paints and

coatings, but also in inks and resins.
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Apart from conjugated double bonds, internal double bonds in vegetable oils are not
very reactive to be polymerized directly by radical polymerization because of the
presence of allyl hydrogen, which are good radical trap.38 In spite of that, the uses of
olefinic monomers such as styrene, divinylbenzene, norbornadiene or
dicloropentadiene are usually copolymerized by cationic polymerization of double
bonds (Scheme 2.1) by cationic polymerization with vegetable oils such as soybean,**!

corn,” linseed*? or sunflower® oil. The presence of this olefinic monomers increase

the properties of the final material.

Soybean oil Styrene Divinylbenzene
0 o]
— H A=W
MAW=AMWAH G~ A~ . W . \/@/\
© = x
o]
Lewis acid

Scheme 2.1. Cationic copolymerization of soybean oils with styrene and divinylbenzene.

Castor oil, with high content in ricinoleic acid, has been directly polymerized by
reaction between its hydroxyl groups with dicarboxylates to obtain thermosetting

polyesters, as well as by reacting with diisocyanates to yield polyurethanes.**

2.3.2. Functionalization and polymerization

Generally, the reactive sites within vegetable oils, such as carbon-carbon double bonds

and the ester functionality, allow for the introduction of such groups. The

functionalization of triglyceride double bonds to introduce readily polymerizable
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functional groups is a common strategy for obtaining high performance polymeric

materials.

Epoxidation has been one of the most commonly used methods for the
functionalization of carbon-carbon double bonds.** The epoxidation of vegetable oils
can be conducted either in bulk or in solution with preformed or in situ prepared
peracids, i.e. an active oxygen provider, under either homogenous or heterogeneous
catalysis.”® The epoxidation is usually conducted at a temperature between 30 and 80
°C for a reaction time of 10—20 h, depending on the types of feedstocks and ratios of
reactants involved in the reaction. Under optimized conditions, conversion yields

higher than 90 % can be achieved.*’*

The undesirable side reactions of oxirane ring-
opening during epoxidation can be largely minimized by conducting the reaction in a
solution and at low temperature as well as under acidic ion exchange resin or lipase

catalysis.“e"‘g’So’51

Other route is the use of peroxyacetic or peroxyformic acid formed
“in situ” by reacting hydrogen peroxide with acetic or formic acids in the presence of
sulphuric acid or acidic ion exchange resins as catalysts.52 Epoxidation can be also
achieved through a chemo-enzymatic process that involves the formation of peracid

catalyzed by lipase followed by a Prilezhaev epoxidation.53

1
1 1

1
: RHO'Y\O I 1 RHO’Y\O |
1 0. R H ! ! O_R OCH, I
1 il 1 1 " 1
1 0 1 1 (o] 1
e e e e e e e e 1 |

R

TH,. cat Ni CH3OHT IZI O;O

E]
)]
o
s

1

O. R X 1
1

o X=CIorBr:

Scheme 2.2. Ring-opening products of epoxidized triglycerides.
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Polyols are produced from epoxidized vegetable oil by oxirane ring-opening reactions
using a broad range of active hydrogen containing compounds such as alcohols,

45513455 A schematic

inorganic and organic acids, amines, water, and hydrogen.
representation of the production of polyols from vegetable oils by epoxidation
followed by oxirane ring-opening is shown in Scheme 2.2. The properties of polyols
produced by epoxidation and subsequent oxirane ring-opening depend on several
production variables including feedstock characteristics and the types of ring-opening
agents. Vegetable oils with a higher degree of unsaturation produce polyols with
higher hydroxyl functionalities, resulting in PUs with higher crosslinking density and

higher tensile strength.>® Oxirane ring-opening agents are divided into following major

categories:

1) Water is the cheapest ring-opening reagent.”’ The epoxy rings could be hydrolyzed
by water in the presence of formic acid, acetic acid and perchloric acid. One epoxy
group would theoretically generate two hydroxyl groups upon reacting with one
molecule of water. Epoxidation and water ring-opening could be conducted in one
pot. When hydrogen peroxide (30% in water) and acetic acid were applied to
epoxidize vegetable oils, subsequent hydrolysis of epoxy groups by water could be

realized by increasing the temperature when epoxidation was completed.>®>**

2) Hydrogen. Polyols from ring-opening of epoxidized vegetable oils by hydrogen
under Raney nickel catalysis are grease at room temperature, which has limited

their applications.61

3) Alcohols. When monoalcohols are used for ring-opening, each epoxy moiety only
generates one secondary hydroxyl group, which are much less reactive than
primary hydroxyl groups.62 Methanol is the common choice of monoalcohols for
ring-opening due to its low cost, low molecular weight, and low boiling point. In
order to produce polyols with higher functionalities and with primary hydroxyl

groups, diols such as 1,2-propanediol and ethylene glycol have also been used for
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4)

5)

54,63

oxirane ring-opening reactions. However, the produced polyols tend to possess

high viscosities due to their increased hydroxyl numbers.

Carboxylic acids such as formic and acetic acids have been used for ring-opening of
epoxidized vegetable oils to produce polyester polyols, which have been shown to

453584 Thus, the introduction of acrylic

have potential for anti-wear applications.
acid exhibits higher reactivity and can undergoes free radical polymerization to

afford thermosets with good thermal and mechanical properties.®

Inorganic acids such as HCl, HBr, and HsPO4; have also been reported as ring-

6185 Due to the incompatibility between inorganic acids and

opening agents.
epoxidized vegetable oils, polar organic solvents such as acetone and t-butyl
alcohol are typically added into the reactor to facilitate reactions. There are some
drawbacks associated with the polyols from oxirane ring-opening reactions of
epoxidized vegetable oils by inorganic acids. Polyols produced from oxirane ring-
opening by HCl and HBr are waxes at room temperature,61 while those produced

by H3PO,4 contain significant fractions of oligomers because of the oligomerizations

that occur between oxirane groups.66

Simultaneous oxirane ring-opening and transesterification®’ of epoxidized canola oil

was achieved by using a strong acid catalyst (e.g., sulfuric acid) and excess amounts of

diols (e.g., 1,2-propanediol or 1,3-propanediol). Because transesterification effectively

removed the glycerol backbone from polyols, the produced polyols had lower

molecular weights (ca. 433 g/mol) and viscosities (about 3 Pa.s), and higher hydroxyl

numbers (about 270 and 320 mg KOH/g) than polyols obtained by oxirane ring-opening

alone.

a7 . .. .
In @ more recent study, polyols with similar properties have also been

produced from epoxidized soybean oil through simultaneous ring-opening and

amidation reactions.®®
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2.3.3. Polymerization of oil-derived platform monomers

The most recent contributions show a growing interest in the use of fatty acids as
precursors of monomers; not only because of their renewability, but also because of
the properties they can provide to the final polymers. In this way, monomers can be
achieved for the synthesis of linear polymers. The triglycerides from vegetable oils can
be subjected to hydrolysis or methanolysis to obtain the fatty acids and their esters as
well as glycerol. The ozonolysis and reduction reaction or the pyrolysis of some fatty
acids, such as ricinoleic acid,69 can be useful to isolate new coumpounds. In this way,
monomers can be achieved for the synthesis of linear polymers as is shown in Scheme
2.3. For the last years, thiol-ene coupling has been applied to the synthesis of
monomers derived from vegetable oils such as, diacids, diols and hydroxyl-acids for the
synthesis of linear polyesters and polyurethanes, as well as monomers for branched

structures have been described.”®

o]

10-hydroxyundecanoic acid HOJMNOH

Ozonolysis T 03/H, cat, Ni
0 OH

Ricinoleic acid HOJJ\/VV\/W'\/V\/

Pyrolysis l 500-600°C

o

Undecylenic acid '““OJJ\/\/W\7

Hydrolysis l
o}

10-undecenoic acid HOJJ\/W

ReductMonolvsis

o
10-undecen-1-ol HO TSNS SANANF HOJ'I\/W\/\rrOH Sebacic acid
o

Scheme 2.3. Common monomers from ricinoleic acid.
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In  addition, acyclic metathesis polymerization (ADMET)"*  and ring-opening
metathesis polymerization (ROMP)’? are important reactions applied recently to the
transformation of fatty acids into monomers and polymers and they are shown in
Scheme 2.4. The development of new highly active catalysts which are tolerant to a

wide range of functionalities opens new possibilities for this chemistry.

ADMET
polymerization

o} o}

W\/\/\)LO,R\OJ\/\/\/\/\%

R = -CH,CH,- or ~(CHy),- W

%/\/\/\/\)%/
Self metathesis /OY% Cross metathesis
_0._0 © N
0 /C'\n/\e'\/\/\/\)j\o/
= 0

Polyestersand
polyamides

Scheme 2.4. Synthesis of monomers from vegetable oils by metathesis reaction.

2.4. Polyurethanes from vegetable oils

The polymeric materials known as polyurethanes (PUs) form a general family of
polymers that contain the urethane group (Figure 2.6) in their chemical repeating unit.
The relatively short history of PUs; of slightly more than 75 years, begins with their
discovery on the year 1937 by Otto Bayer and his co-workers. PUs account for nearly 5
wt% of total worldwide polymer production and constitute one of the most important

73-75 |

classes of polymeric materials due to their extreme utility and relatively low cost. t

is worth noting that most of PUs come from the petroleum-based feedstock,
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therefore, there is a growing interest in the use of natural reagents to replace
petroleum based PUs.”® The high versatility has allowed the synthesis of different
materials with diverse properties such as, elastomers, thermoplastics, foams,
adhesives, coatings, fibers and sealants. Nowadays PUs have become one of the most
usual polymers due to their wide range of applications such as, automotive, footwear,

construction, engineering, wiring and most recently in medical devices.

0] o
forRo R
H H n

Figure 2.6. Urethane functional group.

PUs are formed by chemical reaction between a di/poly isocyanate and a diol or polyol,
forming repeating urethane groups, depending on the functionality of the raw

materials one can obtain linear or cross-linked polymers.

The reactivity of isocyanates is not exclusively for a hydroxyl group, there are others
compounds that can affect in the production of polyurethanes, such as water, amines,
carboxylic acids and ureas. In Scheme 2.5 are represented the isocyanates side
reactions involved in the synthesis of polyurethanes. Probably the presence of water in
the reaction is one of the most relevant drawbacks, because it is deblocked other
undesired reactions. The isocyanate group is so active and reacts with active or acidic
hydrogen almost instantly. This basic reaction produces the hydrolysis of isocyanate
and forms carbon dioxide and amine groups. The carbon dioxide formed can be used
to synthesise PU foams while the amine group will further react in a nucleophilic
addition reaction with remaining isocyanate to produce urea groups. This last reaction

can be exploited in the synthesis of polyureas.

In addition, isocyanate group not only reacts with primary amines, can also react with
urea or urethane groups, even though the rate of reaction is much lower compared

with that of the primary amine. The biurets and allophanates groups are the products
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of nucleophilic reaction between isocyanate and urea or urethane group respectively.
Moreover, other reactions that can be possible occurs when the isocyante is in
presence of carboxylic acid groups or an high excess of the same or other isocyanate,
in the first case, carbon dioxide and amide are produced while in the second case it

can be formed dimers or trimers.”’

urea

amine
R=NH, + CO,

biuret R\
N

[o]
A .
o= N

/

isocyanurate
R-N=C=0 R (o]
_ \N,{
_~HO-R o n—R
f n—4
R g °
ST EL R . Pll
R/N\n/o\R' E o=<N>:o
o ! g dimer
allophanate urethane

Scheme 2.5. Isocyanates side reactions involved in the synthesis of PUs.

Along with a fuctional group hydroxy or isocyanate, some additives may also be
required during polyurethane production, primarily to control the reaction, modify the
reaction conditions, and also to finish or modify the final product. One of these
additives in polyurethane production are the catalysts. There are two with most
relevancy basic catalysts such as tertiary amines or metal compound catalysts such as
organotin. These are added to promote the reaction to occur at enhanced reaction
rates, at lower temperatures, for deblocking the blocked isocyanates, for decreasing

the deblocking and curing temperatures and times.

In case of tertiary amines, their catalytic activity is determined by their structure as
well as their basicity; they promote their catalytic action by complex formation
between amine and isocyanate, by donating the electrons on nitrogen atom of tertiary

amine to the positively charged carbon atom of the isocyanate. On the other hand,
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metals catalyse the isocyanate-hydroxyl reaction by complex formation with both
isocyanate and hydroxyl groups. The positive metal centre interacts with electron rich
oxygen atom of both the isocyanate and hydroxyl groups forming an intermediate

complex, which by further rearrangement results in the formation of urethane bonds.

The diisocyanates with two isocyanates group per molecule are the most important
isocyanate compounds in the PUs fabricated. These two functional groups react
together with two molecules containing hydroxyl groups, to form a linear chain. The
synthesis of diisocyanates is more complex than that the polyols for this reason usually
chemists tend to work with commercially available diisocyanates, the most common
are represented in Figure 2.6. Although the properties of the final material depends
more on the polyol, the choice between one and other isocyanate for the same polyol

also becomes enoguh high important for modulate the final PUs properties.

In the past, all of polyols used in the PUs production are derived from petroleum
resources, but nowadays is increasing the interest to synthesize diols or polyols from
renewable resources such as vegetable oils. Castor oil, which is rich in ricinoleic acid,
has been historically the first and almost the only vegetable oil used in the synthesis of

PUs and in interpenetrating polymer networks.**

OCN m m NCO OCN ; NCO

HDI IPDI
-------------- o ECTTTTTET T
OCN _~ Neo
NCO OCN
hexamethylene diisocyanate isophorone diisocyanate

Figure 2.6. Typical diisocyanate used in the synthesis of PUs.
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With the exception of castor oil, nearly all vegetable oils do not naturally contain the

hydroxyl groups necessary to produce PUs. On account of that, many methods were

developed to incorporate hydroxyl groups in the triglycerides from vegetable oils to

produce polyols for polyurethanes production. The main routes to obtain vegetable

oil-based polyols are represented in Scheme 2.6.
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Scheme 2.6. The main routes to obtain vegetable oil-based polyols

(1) Epoxidation / oxirane ring-opening

Epoxidized polyols, as can be seen in the previous section (Vegetable oils —

Funtionalization and Polymerization), are polyols derived from epoxidation and

subsequent oxirane ring-opening. Epoxidized polyols have been used for the

preparation of many PU products such as resins, foams, and coatings. By controlling

factors such as vegetable oil composition, ring-opening agent, and degree of

epoxidation, polyols and PUs with varying properties have been produced. A close

relationship between the properties of epoxidized polyols from vegetable oils and their

derived PUs has been observed: the higher the hydroxyl number and functionality of
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the polyol, the higher the crosslinking density, the Tg, and the tensile strength of the

56,63,78
PUs.”>™

It was been reported that halogenated (chlorinated and brominated) PUs possessed
higher mechanical properties, higher Tg, and lower linear thermal expansion
coefficients than non-halogenated ones (such as, methoxylated and hydrogenated
PUs), which could be attributed to their stronger intermolecular attractions, higher
crosslinking densities, and lower free volumes resulted from large halogen atoms;
however, compared to non-halogenated PUs, halogenated ones showed lower thermal
stability and higher initial weight loss as a result of the dissociation of bromine or

chlorine.”

Much more examples of epoxidized polyols can be found in the synthesis of PU foams.
Several strategies, such as addition of a crosslinker,° post-modifications by
alcoholysis,® and mixing with commercial petroleum-derived polyols,?*® have been
developed to produce rigid PU foams from epoxidized polyols. In view of its high
hydroxyl number and compact backbone, glycerol has been proven to be an excellent
crosslinker to increase the rigidity of epoxidized polyol-based PU foams. Under
preferred glycerol addition (10-25 wt% of soy polyol) and optimized foam formulation
conditions, the produced rigid PU foams exhibited mechanical and thermal-insulating
properties comparable to analogues prepared from commercial polyether polyols.
However, the epoxidized polyol-derived PU foams had the drawback of higher aging
rates, i.e. an increase of thermal conductivity with time due to its higher N,
permeation, than petroleum-derived foams, which may be alleviated by the addition
of a crosslinker, such as glycerol.82 Flexible PU foams from epoxidized polyols have also
been prepared by this blending method. Mixing epoxidized polyols (up to 50 % by
weight) with petroleum-derived polyols was found to increase the compressive

strength and modulus of the resulting foams.3*%
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Waterborne PU dispersions, including anionic and cationic PU or hybrid dispersions,

have been synthesized from methoxylated soybean oil polyols.”

As the polyol
functionality and/or hard segment increased, PU films exhibited increased crosslinking
density, Tg, and tensile strength. By employing polyols with increasing functionalities
ranging from 2.4 to 4.0, PU films ranged from elastomers to ductile plastics to rigid

plastics.?”*°

Urethane-acrylic and urethane-styrene-acrylic hybrid latexes have been prepared from
soybean oil-based epoxidized polyols by emulsion polymerization. Generally, these
hybrid latex films showed improved tensile strength, Young’s modulus, and thermal

stability, compared to non-hybrid PU films.***+%?

(2) Transesterification / amidation.

Usually, the discussed pathways for the production of vegetable oil-based polyols take
place at the double bond moieties of vegetable oils. Transesterification and amidation
use a different approach that makes use of the ester moieties in the structures of
vegetable oils to produce polyols. Glycerol is the most predominantly used alcohol for
the transesterification of vegetable oils, but the use of other alcohols, such as
pentaerythritol”® and triethanolamine,” has also been reported. During
transesterification, the addition of a small amount of soap acts as an emulsifier that
can improve the compatibility between glycerol and triglycerides and thus increase the
production efficiency of monoglycerides. Transesterification reactions are mostly
catalyzed by organic and inorganic bases such as methoxides of sodium, calcium, and

9395 sodium hydroxide; and calcium hydroxide,94 and by metal oxides such

postassium;
as lead and calcium oxides.”® Polyols produced from vegetable oils by
transesterification with glycerol (i.e., glycerolysis) are a mixture of mono-, di-, and tri-
glycerides and residual glycerol. Among these components, monoglycerides, which
contain two hydroxyl groups per molecule, play an important role for PU production.

Polyols produced by the transesterification of vegetable oils can be partially or

completely substituted for petroleum-derived polyols for the preparation of PU foams
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and coatings.94 Similar to the above transesterification processes, amidation with
amines, usually diethanolamine, can also convert vegetable oils into diethanol fatty
acid amides for producing PU foams and coatings. Compared to commonly used

94,96

transesterification with glycerol at 230-250 °C the amidation of vegetable oils with

diethanolamine are carried out at a lower temperature, usually at 110 °C. 249798
Amidation-derived polyols from vegetable oils, such as linseed, soybean, rapeseed,
sunflower, coconut, Nahar, and cottonseed oils, have been used for the development

of PU foams and coatings with satisfactory physical and mechanical properties.®***1%

(3) Hydroformilation / reduction.

The hydroformylation/reduction of vegetable oils involves the addition of
hydroxymethyl groups to the carbon-carbon double bonds in the fatty acid chains
using a two-step procedure. In the first step, the vegetable oil is treated with syngas (a
mixture of CO and H,) in the presence of a catalyst to give aldehydes, which are then
reduced with H, in the second step to yield hydroxyl groups. The most commonly used
catalysts are simple cobalt carbonyl complexes, cobalt carbonyl complexes modified by
tertiary phosphine/phosphite ligands, and tertiary phosphine/phosphite rhodium
carbonyl species. With hydroformylation/reduction, the hydroxyl functionality of the
vegetable oil-based polyol is dependent on the number of carbon-carbon double
bonds in the vegetable oil. Because of this, soybean oil is most commonly used as the
starting material, but other oils, including safflower and linseed oils, have also been

d. 1% When reacted with isocyanates for PUs, hydroformylated polyols showed

use
shorter gel time and better curing efficiency, compared to epoxidized polyols. PU
foams with enhanced rigidity can be produced from hydroformylated polyols when
mixed with a crosslinker such as glycerol. Hydroformylated polyols with narrowest
functionality distribution resulted in PU coatings with the best balance of hardness,

flexibility, and abrasion resistance.
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(4) Ozonolysis / reduction

The ozonolysis/reduction of vegetable oils results in terminal primary hydroxyl groups.
This method involves the efficient cleavage of the carbon-carbon double bonds
present in the fatty acid chains to give, under the right conditions, shorter chain
alcohols. In the first step, an ozonide is formed by treating a vegetable oil with ozone,
which is then reduced by zinc to give an aldehyde, and further reduced with Raney
nickel to the corresponding primary alcohol. The ozonide can also be treated with
sodium borohydride to afford the primary alcohol directly. The ozonolysis procedure
essentially removes half of each fatty acid chain, which is advantageous, because these
dangling chains are not incorporated into the polyurethane and act as plasticizers to

weaken the materials.

Zero or low volatile organic content (VOC) PU coatings from soybean oil glyceride
polyols prepared by one-step ozonolysis with glycerol exhibited high hardness, gloss,
and chemical resistance as well as excellent adhesion to metal surfaces. They are
suitable for industrial, automotive and architectural applications. Rigid PU foams
prepared from a mixture of glycerol and the above soybean oil glyceride polyol at a 1:3
weight ratio also showed satisfactory mechanical and thermal properties, which were
comparable to those of PU analogues from a commercial polyol. Ozonolysis-derived
polyols combined with poly(methyl methacrylate) (PMMA) have also been used to
prepare sequential interpenetrating polymer networks (IPNs) with satisfactory

mechanical properties.m

(5) Thiol-ene reaction

Thiol-ene coupling reactions involve a free radical chain mechanism by which thiols are
grafted onto double bonds. They are not sensitive to oxygen and can be carried out in

the absence of photoinitiators through a photoreaction.104

Due to its high conversion
yield and fast reaction rate, a UV-initiated thiol-ene coupling reaction is generally used

for preparing polyols from vegetable oils and their derivatives with 2-mercaptoethanol
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as a common thiol monomer. Soybean oil-based polyols have also been prepared via
heat-initiated thiol-ene coupling which required longer reaction time than UV-initiated
thiol-ene coupling.105 During the thiol-ene coupling process of vegetable oils and their
derivatives, side reactions occurred, including disulfide formation, double bond
isomerization, and inter- and intra-molecular bond formation.'® Despite these side
reactions, most byproducts contained hydroxyl functional groups and could participate

in PU formation.

Similar to polyols from epoxidation followed by oxirane ring-opening and from
hydroformylation followed by hydrogenation, polyols from the thiol-ene coupling
pathway also contain hydroxyl groups located in the middle of fatty acid chains,
leaving part of the fatty acid chains as dangling components in PU structures.
Currently, most thiol-ene coupling-derived polyols have been prepared from fatty acids
or fatty acid esters (Scheme 2.7). Methyl-10-undecenoate from ricin oil,* oleic acid'®%,
and rapeseed 0il'® and diols from ricin or sunflower 0ils'® have been successfully
reacted with mercaptoethanol and other thiols under UV irradiation, to yield natural
oils polyols. This simple, one-step reaction scheme makes it possible to introduce a

e However, it has the drawback of

new heteroatom into the triglyceride structure.
being accompanied by secondary reactions (disulfide formation, esterification)

generating by products, many of which are hydroxylated.

R ~0)J\/\/\/\/WVW

v
Hs~~~OH l 250-450 nm

o S/\\/OH

R~)J\/\/\/\/l\/\/\/\/\
0

OCN~~"nco OCN” .‘ " “NCO

Polyurethanes

Scheme 2.7. Synthesis of polyurethanes from thiol-ene coupling modification of
vegetable oils
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2.5. Functionalized polyurethanes

The exploration of new methods for the preparation of functionalized polymers with
unique structures is of vital importance to polymer science. Functionalized polymers
may be considered in broad terms as those polymers whose are incorporated a
functional group that it can be used as a reactive point. A specific functional group is

usually carefully designed and located at a proper place on the polymer chain.

There are three locations in the functionalized polymers: the functional groups can be
dispersed along the polymer main-chain, including chain ends, also the functional
groups can be attached to the main-chain either directly or located in branched chains

as observed in Figure 2.7.

along AN~

Main chain or o

end e"\w Main chain

T4

Directly attached W Branched chain
©

Functional group
Branched chain

Figure 2.7. Positions of functional groups in functionalized polymers

The main objective of the introduction of special functional groups into the polymer
backbone or side chains is to give the polymers special features. Functional groups are,
therefore, typically chemical units that are chemically reactive, biologically active,
electroactive, mesogenic, photoactive, and, more commonly, ionic, polar, or optically
active.’! However, pendent functionalization provides a unique opportunity to alter
physical and chemical properties by distributing functionality along the polymer
backbone. Pendent functionalization of aliphatic polyesters can be achieved by
polymerization of functionalized monomers, postpolymerization modification, or a

combination of the two approaches.*
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In general, the properties of PUs are easily tailored by the appropriate selection of the

individual monomeric units, many of which are commercially

113,114

available. Conversely, developing new methods for synthesizing PUs with

modifiable reactive groups along their backbone remains an open challenge. >

117,118
l,

Different functional monomer incorporating hydroxy amine,**® maleimide,**

121-126 123,127-129 130,131

alkyne, alkene or non-active/active ester were reported.
Nevertheless, careful attention should be paid toward the inertness of the introduced
functional groups during the polymerization process to avoid secondary reactions
(Scheme 5) making the materials unusable for the desired final applications. In order to
this, the use of protection/deprotection strategies prior to polymerization is
mandatory. For instance, the synthesis of functionalized PUs from protected hydroxyl
groups by benzyl ether was reported. The study used O-protected L-threitol, L-
arabinitol, and xylitol as monomers (Scheme 2.8) for the preparation of a series of
linear [m,n]-type PUs by polycondensation in solution with HDI or MDI. Fully O-
benzylated PUs showed high resistance to hydrolytic degradation, whereas the PUs
obtained by removing the O-protecting groups, having free hydroxyl side groups,

degraded significantly in saline buffer at pH 10 and 37 °C.

OH BnBr, NaH, THF OBn AILiH, , THF 98N
Prooc — > Pprooc —— HO
COOPTIr 8-crown 6 COOPTr OH
OH OBn OBn
e OBn
HO ~"OH
Oo_ .OBn Oo_ .OBn o_ ,OH ) 2
o BnBr, NaH, THF B CH;CN/HCI AlLiH, , THF 2 OBn OBn
B ——— —_— _—
HO “OH BnO "/0Bn BnO “/0Bn OBn
OH OBn OBn HO OH
OBn OBn

Scheme 2.8. Synthesis of carbohydrated based diols.
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In addition, the introduction of amino groups into PU also requires
protection/deprotection steps. Recently, the preparation of PUs bearing pendant
amino groups starting from HDI, poly(e-caprolactone) (PCL), and a modified
poly(ethylene glycol) (PEG) has been described. The approach consists in the reaction
of dihydroxyl PEG with NH,-protected aspartic acid (Asp) leading to a prepolymer
PEG-Asp-PEG. Then, the consequent reaction between HDI, PCL and the amino-
protected PEG-Asp—-PEG (Scheme 2.9) allowed for the formation of PU with a low

loading of pendant amino groups after an ultimate deprotection step.'*’

o o
o o )
HO(/\/ Wo(/\/ 9,?1 Cbz: )L 0/\© PEG-ASP-PEG diols
X

n
O HN
“Chz
o
o Sn(Oct),
+ Lo”~\~CH ———3 HO-PCL-OCH,CH,0-PCL-OH PCL diols
PCL diols

Sn(Oct),
OCN
M’\NCO —_— PCL-HDI(-PEG-ASP-PEG--HDI
PEG-ASP-PEG diols 5 mn
n

Scheme 2.9. Synthesis of PCL diol and coupling reaction of PCL diols with PEG-Asp-PEG.

Moreover, it was reported the synthesis of functionalized linear PUs with maleimide
group. In this case, the design of functionalized linear PUs with maleimide side-chain
group was carried out from a furan-protected maleimide-containing diol monomer,
1,4-butandiol and equimolar amounts of HDI. Resulting linear PU containing furan-
protected maleimide was deprotected by retro-Diels-Alder reaction at 100 °C, yielding

aliphatic PU’s with pendant maleimide functions as is shown in Scheme 2.10.**°
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o o
NMO)&(\OH + (nm) HOu ol + n 0N SANCO
OH
°  Fmp

[ EtOAc, DBTL

Scheme 2.10. Synthesis sequence of protected/deprotected maleimide-containig PU.

Apart from the incorporation of functionality using isocyanate chemistry, there are
some strategies for the synthesis of functionalized polyurethanes more
environmentally attractive isocyanate-free methods. These strategies permit the
introduction of some functional groups into PU without protected/deprotected
process. Recently, two relevant isocyanate-free strategies based on amine-thiol-ene

conjugation115 or cyclic carbonates™? are reported (Scheme 2.11).

In situ
Michael
addition

o RHN 00 /RiNICO
@ s o T S g Kooy

thiolactone-acrylate thiol-acrylate functionalized polyurethane
(b) cyclic primary
carbonates  amine OH H
)ci\ R)\/O\H/N‘R HU with primary hydroxil
O‘/} '0 + HN_ , —_— °
; 1
MR
R (o) N
H
fo) HU with secondary hydroxil
PN i
o“o R U r
—_— (o) N
N T
R

Scheme 2.11. (a) Synthesis of PUs functionalization based on amine-thiol-ene conjugation and
(b) model reaction on 5- and 6-membered cyclic carbonates leading to hydroxyurethanes (HU).
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Otherwise, an ideal synthesis of functionalized PUs approach is one that directly
incorporates pendant functional group, from a functional monomer, during the
polymerization reaction, but does not interfere with the polymerization process. The
main strategy used during the polymerization process is the incorporation of functional
groups in the diol moiety without previous protection. In this case, PUs containing
pendant esters groups (Scheme 2.12) in side-chain derived from ester-containing diol
was reported.’® The resulting monomers were then polymerized with MDI to produce
the corresponding functionalized PUs. The biocompatibilities of the synthesized ester-
functionalized PUs with human osteoblast-like cell line have been evaluated for tissue
engineering purposes. Furthermore, a method for the synthesis of high molecular
weight functionalized PUs from pentafluorophenyl ester-containing diol precursor is
reported.”®* Specifically, PUs containing the activated ester sidechains were

synthesized via triflic acid-catalyzed polyaddition of the above diol with diisocyanates.

diol with non-activate ester

1)Br,/Et,0 R
(o] (o) 1-2
2)KOH Ho~SH
(a) MLOH — R,——" SNl ——— Ho/\/ 57 N""0H
R 3)CH;0H DMPA/hv o
reflux/Amberlyst n
o
Ry=H,n=6 ~

R = -(CHp)7-CH3, n=5
OKHAKOH F TEA, 0,1 equiv
: i : : i : THF, 0°C
O~ "OH

Scheme 2.12. Synthesis of diols contining non-activate (a) and activate (b) esters groups.

diol with activate ester
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Other compounds that can be used in the synthesis of functionalized PUs due to the
inert behaviour of their functional groups during the polymerization process are the
alkene/yne-containing diols. Thus, it was reported the preparation of
alkyne and alkene-functionalized PUs using the bulk polymerization method. PUs with
pendant sugar-moieties are capable of undergoing either copper catalyzed

Huisgen 1,3-dipolar cycloaddition or thiol-ene click reactions.*?*

In this way, the functionalization of PUs can be accomplished also after the step-
growth polymerization, using the reactive points introduced by the functional
monomers polymerization as can be seen in above procedures. The process of change
or introduce new functional groups thanks to previous functional groups presents in

PU is called post-polymerization modification.

The modification of polymers after the successful achievement of a polymerization
process is an important task in macromolecular science. Click chemistry may serve as a
powerful strategy in its search. Click chemistry has emerged as a widespread approach
that uses only the most-practical and -reliable chemical transformations, with an

explosive growth in publications in recent years.'****

Although fitting the
requirements of a click reaction is a tall order, several processes did so. Thus, the thiol-
ene/yne coupling reaction is a well-established click reaction that combines a thiol
moiety and an alkene/alkyne group in a robust, efficient, and orthogonal method for
the functionalization of different compounds.™*® Allyl and alkynil groups can be used in

thiol-ene/yne coupling reactions as the unsaturation part with great success. " 13?

The tremendous potential of the click chemistry in post-polymerization modification of
functionalized PU have specifically been developed for high-tech applications by
applying modern methods of chemical biological, physical and technological material

117-139

science. These developments have resulted in available functional polymers with

tailor-made properties.
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Chapter 3

Synthesis of Castor-Oil Based Polyurethanes

Bearing Alkene/yne Groups and Subsequent
Thiol-ene/yne Post-Polymerization
Modification

This chapter is focused on studying the potential of photoinitiated thiol-ene/yne
coupling reaction in the post-polymerization modification process. The introduction of

thioglycerol can tune the thermo, mechanical and superficial properties.
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3.1. Introduction

As has been commented at the end of general introduction, highly efficient “click”
chemistry methodologies have been increasingly used for post-polymerization
functionalization of polymers, during the last decades.” One of the more relevant
methodologies is the introduction of unsaturations in side-chain positions of polymers.
In polyesters, polyamides, polyureas and polyurethanes, the polymerization functional
monomers strategy permits the facile introduction of alkene/alkyne groups.*® The
classical diol monomers used to synthesize functionalized polymers with akene or
alkyne pendant groups are represented in Figure 3.1. Usually, these are used in
segmented polymer or with chain extenders to create crosslinking points and tuning
the final properties.’

OH OH OH OH OH OH
OH OH \\‘\\o

e
Hk ‘% I [l HoV@\,OH

1,1,1- 3-allyloxy-1,2- 2-methyl-2- 2,2-diprop-2- 3,5-bis(hydroxymethyl)-
trimethylpropane propanediol propargyl)lpro  ynyl)propane-1,3-diol  1-propargyloxybenzene
monoallyl ether (AOPD) pane-1,3-diol (DPPD) (PBIM)
(TMPME]) {MPPD)

Figure 3.1. Classical diols with alkene/yne pendant groups

One of the most used click reaction applied in a wide range of research fields is the

8-11

Huisgen 1,3-dipolar addition of azides and alkynes. Regarding to post-

polymerization modification process applied to polyurethanes (PUs), some strategies

d.">™ For example, Fournier and Du Prez have shown that Huisgen

have been reporte
1,3-dipolar addition is a promising tool for side-chain functionalization of PUs. They are
designed linear PUs having alkyne groups located along the backbone by reacting two
different alkyne-functionalized diols (DPPD and PBM shown in Figure 1) with a
diisocyanate compound. In the second part of the work, the cooper catalyzed Huisgen
1,3-dipolar cycloaddition was undertaken between the alkyne-functionalized PUs and a
variety of azide compounds such as benzyl azide and different fluorinated azide

compounds, resulting in side-chain functionalized PUs with varying degree of

functionalization.’* Moreover, Huang and his co-workers have developed the synthesis
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and functionalization of PUs containing zwitterionic sulfobetaine groups by the cooper-
catalyzed 1,3-dipolar cycloaddition to DPPD (Figura 3.1) main-chain PU units.
Recently, Ott et al. was reported a synthetic route to prepare PUs with pendant sugar-
moieties in the side-chain of the PU through incorporation of diverse chain extenders
(AOPD and DPPD shown in Figure 3.1) capable of undergoing either copper catalyzed

Huisgen 1,3-dipolar cycloaddition or thiol-ene click reactions.™

This kind of “click” reaction presents a limitation for a several applications due to the

presence of copper catalyst. Therefore, it exist efficient reactive systems that do not

16,17 18-20

contain any metal catalyst, such as light-mediated thiol-ene and thiol-yne
radical reactions have become widely used as they effectively combine some benefits
of coupling reactions with the advantages of a photoinitiated process resulting in a
powerful method for chemical synthesis and tailorable material fabrication. The
introduction of new functional groups is carried out attacking the polymer double and

1! or 3-

triple bonds with a thiol-containing group, such as mercaptoethano
mercaptopropionic acid in the case that is wanted introduced hydroxyl or carboxylic

acid groups into polymer.

The most relevant thiol coupling processes are: thiol-ene (TEC) and thiol-yne (TYC)
coupling reaction. The photochemicallly/thermally-induced version of TEC is known to
proceded by a radical mechanism to give an anti-Markovnikov-type thioether as shown
in Scheme 3.1. This selectivity has been explained by the enhanced stability of the
intermediate carbon radical upon addition to the less substituted alkene carbon.*®*"??
TEC reactions are incorporated inside the click concept because of can be controlled
with light, there is no need for an external catalyst, addition is regioselective, reaction
conditions are compatible with water and oxygen, they are very atom efficient, they

typically give quantitative yields and they are tolerant of a wide variety of functional

groups.”®
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Thiol-ene reaction

RS, H
R-SH + — ——» \—<R,
-

Photochemical initiation Thermal initiation
=\

. R' .
I + hv—>= 2R | —= 2R
R+ R'—SH = R-H + R-§' R+ R'—SH = R-H + R-S'

R-S~SR  R-s
w,s\/\ ,
R-SH R R

Propagation and chain transfer

Scheme 3.1. The radical-mediated TEC reaction mechanism

In addition, the TYC reaction is regarded as a sister reaction of radical-mediated TEC
reaction. From the viewpoint of mechanism, TYC reaction has three types: free-radical,
amine-mediated, and transition-metal catalyzed processes. Moreover, depending on
the initiator, the free radical process could be further divided into photo- and thermo-
initiated reactions. Scheme 3.2 shows the radical mediated two cycle mechanism of

the prevalent TYC click reaction.”*?

SR
R S\/l\R' R-SH

— R

RS A~g  R-S RS R
W w
R-SH

Scheme 3.2. The radical-mediated TYC reaction mechanism

Firstly, the thiyl radicals will be generated from thiol groups by photo- or thermo-
initiation process. The step 1, the thiyl radical adds across the ethynyl group to form a
vinyl sulfide radical, which could attract a hydrogen atom from a thiol group in the step
2, producing the vinyl sulfide and generating another thiyl radical at the same time. In

the step 3 a thiyl radical adds across the double bond of the vinyl sulfide, generating a
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dithioether radical, which attracts a hydrogen atom from a thiol groups in the step 4

and forms the disubstituted product and a new thiyl radical.

Whilst in general post-polymerization modification of side-chain functionalized PUs
have been widely studied during the past decade through the development of click
reactions leading to a variety of usages in polymer chemistry, the photoinitiation TEC
and TYC reactions has received limited attention in post-polymerization modification
of PU systems. In the few examples described, the pendant reactive groups are
introduced into final PU via polymerization of functional monomers. As an example,
Basko et al. designs a method for the synthesis of PUs bearing pendant functionalities
at the hard—soft segment. Reactive alkyne groups were introduced by cationic ring-
opening polymerization of glycidyl propargyl ether using different oligodiols as
macroinitiators. The resulting oligodiols, with alkyne side groups located at both chain
ends, were subsequently reacted with 1,4-butanediol and hexamethylene diisocyanate
(HDI) for the synthesis of PUs. The functionalized PUs have been further modified via

photoinitiated thiol-yne coupling reactions with benzyl mercaptan and thioglycerol.?®

The post-polymerization modification of PUs with reactive side-chain functional groups
can develop new properties, such as thermal, mechanical or surface properties.
Existing PUs are highly hydrophobic, thus practically leading to limitation in their
biomedical applications due to the lack of desirable hydrophilicity. Hydrophilic
properties of polyurethanes are usually adjusted by using hydrophilic polyols (such as
ethylene oxide based ones) or specific isocyanates.”’ Therefore, new functional bio-
based PUs bearing hydrophilic reactive pendant groups such as hydroxyl, carboxyl,
amino, and so forth become attractive. The presence of hydroxyls pendant groups
permit to PUs absorb water much more than classical PUs and may have applications
where water absorption and retention are desirable.”® Although, it has been reported
a enhanced hydrophilicity in PUs by the introduction of hydroxyl groups ring opening
of cyclic carbonates with diisocyanate group, this methodology is limited as only two

groups per repeating unit are incorporated.29
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In this chapter, is presented a new facile and versatile strategy based on the
incorporation of allyl- and propargyl-groups to diols, step-growth polymerization and

the thiol-ene/thiol-yne coupling*"’

to prepare aliphatic bio-based PUs bearing
reactive hydroxyl pendant groups under mild conditions. This was achieved by ring-
opening of 10,11-epoxyundecan-1-ol by unsaturated secondary amines to obtain diols
that were polymerized with isophorone diisocyanate (IPDI) to produce PUs with
pendant alkene and alkyne groups. Finally, these unsaturated side groups have been

used as modification sites for further functionalization with thioglycerol as hydrophilic

compound.

3.2. Results and discussion

3.2.1. Synthesis of diols

The straightforward and upscalable synthesis of functionalized PUs presented in this
chapter is based on obtaining functional diols from 10-undecen-1-ol. This compound
can be obtained from castor oil chemical treatment. Castor oil is extracted from the
seeds of the castor bean plant (Ricinus communis), which is a member of the large
spurge family (Euphorblaceae), located in tropical Asia and Africa. Castor oil contains
up to 90% of ricinoleic acid, a monounsaturated 18-carbon fatty acid with a hydroxyl
function at position 12, which tends to cleavage upon heating. Thus, 10-undecenoic
acid can be obtained from the pyrolysis of castor oil at high temperature (>400°C)
under vacuum that cleaves the ricinoleate molecule yielding this compound and
heptaldehyde. Several mechanisms, including a MclLafferty-type rearrangement30
(Scheme 3.3) and a free-radical mechanism®® have been proposed for the

transformation of ricinoleic acid into 10-undecenoic acid and heptaldehyde. The

obtention was carried out by catalytic reduction of the 10-undecenoic acid.
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Castor oil

heptaldehyde undecenoic acid
Y o 400°C OH o
s~~A Ao~~~ Aoy S~ Ao~~~ Aoy
ricinoleic acid LiAIH,
RAANANANA0H

10-undecen-1-ol

Scheme 3.3. Synthetic route to obtain 10-undecen-1-ol from castor oil

10-undecen-1-ol containing a terminal double bond can be functionalized by different
synthetic routes to obtain another a diol. In the case of fatty acids, epoxidation of
carbon-carbon double bonds in backbone chain of fatty acid followed by nucleophilic
oxirane ring opening is one of the most important and widely studied reactions to
produce diols with different functionalities. Carboxylic acid group of fatty acid permits
the use of methodologies more eco-friendly without subproducts and with high yields.
On the contrary, the epoxidation of 10-undecen-1-ol present some drawbacks related
with the formation of ring-opening subproducts due to the large reaction times when
it is applied methodologies with green peracids or enzymes. Thus, 10,11-
epoxyundecan-1-ol was prepared in 90% yield by reaction of 10-undecen-1-ol with a
slight molar excess of 3-chloroperoxybenzoic acid (MCPBA) in 1,2-dichloroethane at 80
°C. The 'H NMR spectrum of the epoxy compound is shown in Figure 3.2, and displays
multiplets at about 3.0, 2.8 and 2.5 ppm, corresponding to resonances of the three
protons bonded directly to the oxirane ring, along with the complete absence of the

vinylic proton signals near 5.8 and 5.0 ppm in the spectrum of starting compound.
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Figure 3.2. 'H NMR spectra of 10,11-epoxy-undecan-1-ol

Afterwards, the ring-opening process of epoxides, catalyzed with boron trifluoride
ethylamine complex, resulted highly regioselective and in good yields (87-91%) The
scheme of reaction is shown in Figure 3.3. Allyl and propargyl amines were used in the
reaction with 10,11-epoxyundecan-1-ol for preparing functional aminodiols with
different fatty pendant groups. The amines to synthetize D1 and D2 are N-
allylmethylamine and N-methylpropargylamine both commercial, but N-
allylpropargylamine was nesecessary to produce by reaction of allylamine with

propargyl chloride.*

The structural characterization of aminodiols are shown in Figure 3 where it represent
their 'H NMR spectra and the corresponding peak assignments, with resonances
(ppm) for D1: one CHs peak at 2.24 ppm and the CH,=CH unsaturation at 5.14 ppm and
5.82 ppm. For D,: one CH; peak at 2.34 ppm and the C=CH triple bond unsaturation at
2.24 ppm and for D3 both CH,=CH unsaturations at 5.19 ppm and 5.78 ppm and the
C=CH triple bond unsaturation at 2.18 ppm. As can be seen, only the ring-opening of
the oxirane by the amine nucleophilic attack on the less substituted carbon of the
oxirane ring is observed, and in all cases one CH attached to the OH group at 3.62 ppm
appears. It is worth noting that show diasterotopic protons (c) are observed in the
spectra of D1 and D3, and diasterotopic proton (e) are observed in the spectra of D2

and D3.
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RRNH | R D1: R =-CH,CH=CH, ; R'= -CH,
e .p= =cH -R'=
WOH e l:leH D2:R=-CH,C=CH ; R' = -CH,
R D3:R=-CH,C=CH ;R'=-CH,CH=CH,
D1-3

Figure 3.3. 'H NMR spectra of diols D1-3

3.2.2. Polyurethane synthesis

A series of polyurethanes (PUD1-3) were prepared from equimolar amounts of the
synthesized aminodiols (D1-3) and commercially available IPDI in DMF solution at 60 °C
for 24 h using tin(ll) 2-ethylhexanoate as catalyst. IPDI was used owing to its lower
toxicity compared to the other commercially available diisocyanates. Moreover, due to
its cyclic and asymmetric structure, IPDI is known to enhance the solubility of the PUs,
which has been explained as resulting from increasing the free volume between
polymer chains.®®* The possibility to form side products depends on the reaction
conditions and the diisocyanate used to prepare the polyurethane. Generally, urea,
allophanate, biuret, and isocyanurate are the side products that may form during the
reaction, but in this case they are not detected under these conditions. The presence
of orgatin as catalyst and tertiary amine pendant group in the structure of diols clearly

promotes the formation of urethane bond.
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PUs were obtained in high yields (86-95%) and showed good solubility in commonly
used organic solvents. The molecular weights of PUs were evaluated by SEC and
resulted similar in the three cases: M,, PUD1 about 45000 Da, M,, PUD2 48000 Da, M,,
PUD3 46000 Da and dispersity (D = 1.4). SEC data indicate the formation of reasonably
high molar mass polymers. However, the molar mass values provided by SEC should
not be taken as absolute values as the SEC calibration was carried out using

polystyrene standards.

The structural characterization of PUs was carried out by NMR and FTIR spectroscopy.
IPDI is an asymmetric cycloaliphatic diisocyanate and contains Z and E isomers in a 3:1
ratio. The two-isocyanate groups are chemically different; one is bonded directly to
cycloaliphatic ring (NCOs.c) and the other is bonded through a primary carbon
(NCOprim). The molecule consists of a mixture of two isomers, cis (Z) and trans (E),
corresponding to the R and S configuration at C-5, respectively. For each of these
isomers, the reactivity of the two NCO groups is different. Thus, different types of NCO
groups and urethane moieties are formed during the reaction of the IPDI-diols
prepolymers, and are present in the reaction mixture at same time. Now, by 'H NMR
spectroscopy we are able to distinguish and quantify the Z and E isomers that are

present in the pu.**

In Figure 3.4(a) the 'H NMR spectrum of polyurethane from D1 and IPDI is shown as a
mixture of both isomers. Signals corresponding to both isomers have unequivocally
been identified by means of 2-D NMR gCOSY as is observed in Figure 3.4(b) and
HSQCAD spectra. Protons corresponding to the cyclic IPDI were identified: at 3.79 ppm
signal (h) corresponding to methine ring undistinguishable for both isomers, and at
3.24 and 2.91 ppm signals (s and i) corresponding to methylene linked to urethane of E
and Z isomers. Moreover, while the urethane proton signals from the isocyanate
bonded directly to cycloaliphatic ring (j) are undistinguishable for both isomers, the
urethane proton signals from the isocyanate bonded through a primary carbon are
distinguished, and appears at 4.82 and 4.70 ppm (k and o) for E and Z isomers. The
ratio Z/E isomers was 3:1 calculated from signals (s and i) corresponding to methylene

linked to urethane.
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Figure 3.4. (a)'H NMR and (b) 2D NMR gCOSY spectrum of polyurethane from D1 and IPDI.

Moreover, FTIR spectroscopic characterization revealed the expected structural
features, including the disappearance of the vibrational band of NCO function, located
at 2235 cm™ and the appearance absorption bands of the main chain about 1694,
3320 and 1522 cm™ arising from urethane linkages corresponding to C=0 stretching

and NH stretching and bending bands respectively.
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3.2.3. Polymer modification with thioglycerol

To access the highly functional polyurethanes, thiol-ene (TEC) and thiol-yne (TYC)
couplings could be associated. Thiol-ene/yne chemistry was used for grafting
functional groups onto polyurethanes bearing double and/or triple bonds that are very

reactive.”®*®

Thioglycerol in excess was both added on terminal double bond by TEC
and terminal propargylic unsaturation by TYC. The TYC splits in two cycle mechanism
taking place the 1,2 double addition to the alkyne. The photoinduced radical addition
of thioglycerol into unsaturation carried out at room temperature in presence of
DMPA photoinitiator for 2h. Thanks to a simple work-up, the highly functional
moieties: 20H (diol) from PUD1, 40H (tetraol) from PUD2 and 60H (hexaol) from PUD3

were successfully synthesized in good vyields in all cases (about 80 %). The molecular

structure is shown in Figure 3.5.

o

kLS’\EZ: ]}rg

PUD1-20H HO PUD2-40H

PUD3-60H

Figure 3.5. Structure of modified PUD1, PUD2 and PUD3 with thioglycerol

SEC analysis of modified PUs: PUD-OHs, gave slightly higher molecular weight values
than PUDs. Mw PUD1-20H about 50000 Da, Mw PUD2-40H 55000 Da, Mw PUD3-60H
52000 Da and polydispersity index = 1.5, showing that no degradation occurs along the
thiol-ene or thiol-yne coupling. In comparison to PUD1-3, these increases in molecular
weight values could be explained by increased branching in the PU chains which makes

longer retention times.
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The 'H NMR spectra confirmed the chemical structure of modified PUs as illustrated in
Figure 3.6 of a representative modified PUD1. The occurrence of thiol-ene reaction
was evidenced by the disappearance of characteristic double bond signals at 5.81 and
5.13 ppm and the appearance of new signals corresponding to the coupled
thioglycerol, i.e. a complex signal between 2.75 and 2.45 ppm for both methylene
directly bonded to sulphur (p and q) and at 3.80 ppm and 3.65 ppm signals of the
methane (u) and methylene (t) directly bonded to hydroxyls (assigned by gHSQCAD

spectrum).

bt “'Q’k*
N o
CDCly ':l\ !

Figure 3.6. "H NMR spectrum of PUD1 after thiol-ene reaction with thioglycerol

For modified PUD2 and PUD3 although their *H NMR spectra show broad signals, the
disappearance of the 'H NMR signal of the propargyl methylene protons around 3.35-
3.40 ppm, along with the appearance of the signals to the coupled thioglycerol are
observed. For all reactions performed, the 'H NMR results indicated the occurrence of
double addition of thiol molecules to the reacted alkyne groups. The absence of a
monothiol adduct and thus the absence of double bonds in the final products after the
coupling reaction is in accordance with earlier observations on thiol-yne reactions.” It
was previously described that the addition of the first thiol to the alkyne is the rate-
limiting step, which is followed by the fast second thiol addition to the intermediate

thiol-alkene.®®
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To confirm the occurrence of thiol-ene/yne reactions on PUD2 and PUD3, Raman
spectra were registered at different times. Figure 3.7 shows spectra as a function of
time of reaction of PUD3 with thioglycerol. At first, the characteristic peaks of double
and triple bonds of PUD3 at 1644 and 2105 cm™ respectively, clearly appear. After 15
min, only the thiol-ene coupling appears to be started, as signal of triple bond
remained unchanged but at 30 min triple bond peak is scarcely observed. The
spectrum at 60 min shows the total dissapareance of double and triple bond

confirming thiol-ene/yne occurred.

0 min

15 min

30 min

60 min

2000 1500 1000
cm’

3000 2500

Figure 3.7. Raman spectra of PUD3 and thiol-ene/yne reaction with thioglycerol at

different times
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3.2.4. Thermal, mechanical and contact angle properties

Thermal characterization of PUDs and modified PUD-OHs was carried out by DSC, DMA
and TGA under N, atmosphere at a heating rate of 10 °C/min. The DSC traces are
shown in Figure 3.8 and the data are summarized in Table 3.1. No melting peaks were
observed thus PUs are not semicrystalline. As expected, the presence of cycloaliphatic
ring, pendant alkyl chains or asymmetry of the monomer enhances the free volume
and hence hinders the packing of the polymer chains. The glass transition
temperatures (Tgs) of the three PUDs were near 40 °C and lower Tgs, between 5 °C and
18 °C, were found for the modified PUD-OHs. Indeed the presence of high density
hydrogen bonding due to the presence of tertiary amine increases the rigidity and thus
strongly suppresses the mobility of the polymer chains. Besides the presence of the
dangling chains after the modification of PUDs with thioglycerol could act as
plasticizers decreasing their T, values. On the other hand the possibility of hydrogen

bonding in PUD3-60H is higher than in PUD1-20H increasing its Tg around 13 °C.

------------ PUD3-60H
----- PUD2-40H
——PUD1-20H

024"

ot
-
1

Heat Flow (W/g)
o
°
1

02—~ -PUD2

Temperature (°C)

Figure 3.8. DSC traces of amorphous PUD1-3 and PUD-OHs
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Table 3.1. Thermal properties for the PUD1-3 and PUD-OHs.

DSC DMA TGA

Sample T (°C)  Te(°C) Tex (°C)’  Td(°C)°

PUD1 41 51 281 319/441
PUD2 39 53 282 315/421
PUD3 40 53 290 317/453
PUD1-20H 5 21 223 312/420
PUD2-40H 11 26 203 301/423
PUD3-60H 18 31 186 303/431

*Temperature at which 5% weight loss was observed.
bTemperature for maximum degradation rate.

The dynamic mechanical behaviour was also investigated as a function of temperature.
DMA results are summarized in Table 3.1 and correlated with the data from DSC
analysis. The curves of tan & versus temperature, of the three PUDs and the modified
PUD-OHs are shown in Figure 3.9. The glass transition temperatures, estimated from
DMA as the maximum of tan §, are in good agreement with the DSC values as % ACp.
The observed differences are explainable by the way of measurement. Indeed, DSC
and DMA measure changes of the heat capacity and the mechanical response of the

polymer chains during the transition, respectively.

el PUD3-60H PUD1
| - - -PUD2-40H — — -pUD2
—— PUD1-20H —— Y] )

Tan &

0 10 20 30 40 50 60 70 80
Temperature (°C)

Figure 3. 9. Tan & as a function of temperature for PUD1-3 and PUD-OHs
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Thermal stability of PDU1-3 and modified PUD1-3 with thioglycerol was investigated by
TGA in a nitrogen stream and data are summarized in Table 3.1. In general, PUs
present low heat resistance due to the presence of thermo-labile urethane linkage.
Overall, the PUs were found to have a typical complex decomposition behaviour as
clearly displayed by the TGA derivatives of the weight loss as a function of temperature
are shown in Figure 3.10. All polymers showed an initial weight loss in the range of
180-280 °C, suggesting that degradation starts at the urethane bond. Studies on the
decomposition of the urethane bond indicate that decomposition initial temperature
of the urethane bond depends on the structure of both the isocyanate and the diol,
and it takes place through dissociation to isocyanate and alcohol, the formation of
primary amines and olefins and the formation of secondary amines and carbon
dioxide.*” It can be observed that the initial degradation temperatures are shifted to

lower temperature with increasing polyol OH-functionality, i.e for modified PUD-OHs.

Derivate Weight Change (%/°C)x10°
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Figure 3.10. TGA and first derivative traces of PUD1-3 and PUD-OHs.

The main degradation step is associated with the aliphatic moieties of the remaining
structure and occurs at similar temperatures for all PUs (300-320 °C). This degradation

is produced at lower temperature than the one described for conventional oil-derived
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aliphatic PUs (i.e castor oil- derived PU)*® and could be related with the dissociation of
the amine and thioether bonds* that confer lower stability to the prepared PUs.
Finally, the third degradation stage (over 400 °C) is more prominent in the case of the

unmodified PUs (a) but occurs at similar temperatures and corresponds to the

gasification of any remaining components.35

To explain the mechanical behaviour at room temperature, tensile tests were
performed on PUDs and PUD-OHs: the Young ‘s modulus, elongation at break, stress at

break and toughness and their standard deviation are given in Table 3.2. The stress-

strain curves are depicted in Figure 3.11.

Table 3.2. Mechanical properties of PUD1-3 and PUD-OHs

Sample

PUD1
PUD2
PUD3
PUD1-20H
PUD2-40H
PUD3-60H

Young Modulus  Elongation at  Stress at break

(Mpa) break (%) (MPa)
68319 48.010.6 6.72%0.20
72619 47.0+£0.6 5.88+0.18
774%9 45.0+0.6 7.51+0.21
6.0+£0.0 4016 0.17+0.00
19.01£0.1 25543 1.17+0.01
24.0£0.1 153+2 1.47%0.06

Toughness
(MJ/m3)
45617
45016
41216
352+4
42615
37514

Stress (MPa)

—PUD1

- - -PUD2
---- PUD3
== PUD1-20H
----- PUD2-40H
e PUD3-60H

T 5 T, R, [ YT s Do P, e e
0 50 100 150 200 250 300 350

Strain (%)

Figure 3.11. Tensile stress versus strain curves of PUD1-3, PUD1-20H, PUD2-40H and

PUD3-60H.



UNIVERSITAT ROVIRA I VIRGILI
AVANCES EN SISTEMAS INTERACTIVOS PARA PERSONAS CON PARALISIS CEREBRAL

Marc Comi Bonachi

Post-modification via thiol-ene/yne reaction | 74

Similar high Young’s modulus was observed for the three PUDs but significantly lower
moduli were obtained for the modified PUD-OHs. The last ones show a behaviour
similar to slightly crosslinked amorphous rubbers with low modulus and smooth
transition in their stress-strain behaviour. In addition the elongation at break is similar
for the three PUDs and higher than that for PUD-OHs. The mechanical properties of
these bio-based polymers (E modulus from 683-774 MPa to 6-24 MPa and at break

from 45% to 401%) make them suitable materials for a large range of applications.

Hydrophilicity/hydrophobicity balance strongly affects the material applications. PUs
prepared from vegetable oils are expected to exhibit a non-wetting surface due to the
hydrophobic nature of triglycerides. Contact angle measurements demonstrated the
high hydrophobicity of the synthesized PUDs (PUD1: 108 °; PUD2: 110 °; PUD3: 104 °).
Modified PUD-OHs were more hydrophilic showing contact angle values of PUD1-20H:
89 °; PUD2-40H: 83 °; PUD3-60H: 77 °). These results agree with the increase of the
dangling hydroxyl moieties. Pictures of the contact angle measurements of the PDU3
and PUD3-60H, after modification with thioglycerol, are shown in Figure 3.12(a), and
confirm the change of the surface properties of both films. When hydrophilic
treatment was undertaken (pictures on the bottom left), the drop of water spreads
over the PU film due to a higher interaction between water and the newly modified PU

material.

Figure 3.12. Contact angle (a) and ESEM images (b) of PUD1 (1), PUD2 (2), PUD3 (3), PUD1-
20H (4), PUD2-40H (5), PUD3-60H (6)
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ESEM images of the surface structures show the morphology of surface-modified
samples compared to unmodified samples are shown in Figure 3.12(b). The first is
accounted for by roughness or heterogeneous composition that is, a surface
composition characterized by domains of different surface tensions. The rough
hydrophobic surface makes it difficult for water to penetrate the crevices and cracks.
After modification, the micrograph of PUD3-60H shows a more homogeneous
distribution on the surface. The results, also interpreted on the basis of SEM
micrographs, show that not only hydroxyl terminated bond is the reason of hydrophilic
nature of the film, but its homogeneous composition helps a great deal in achieving a

greater hydrophilicity of the film.

In brief, an efficient route to obtain allyl- and propargyl-containing diols, that were
then polymerized with IPDI to produce alkene- and alkyne-functionalized PUs is
described. By thiol-ene/yne coupling of thioglycerol into unsaturation a series of PUs
with enhanced hydrophilicity were obtained. Hydroxy-PUs demonstrated variable
thermal and mechanical properties depending on the tioglycerol content, which could
be explained by the partial breaking of inherent hydrogen bonds in the PU precursor
and the new formation of hydrogen bonds between introduced hydroxyl groups and
PU chains. The physical interactions are and important approach and permit tuning the

PU properties.
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Chapter 4

Carboxylic Acid lonic Modification of Castor-

Oil Based Polyurethanes Bearing Amine
Groups. Correlation between chemical
structure and physical properties.

b

This chapter is devoted to the preparation of supramolecular ionic polyurethanes via
acid-base reaction of tertiary amine pendant polyurethane with different carboxylic
acids. The physical properties depend on the chemical structure of the acid

incorporated
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4.1. Introduction

The combination of non-covalent chemistry and polymer science has lead to the
emergence of the relatively new field of supramolecular polymer chemistry. The
supramolecular concept has attracted increasing attention in macromolecular science
in the last three decades, as one can design new supramolecular architectures by the
employ of non-covalent synthesis. Non-covalent synthesis is a versatile, diverse and
programmable approach to new supramolecular compositions where the properties of
the resulting assembles is dependent and derived from specific non-covalent bonding
interactions." The non-covalent interactions most employed in supramolecular

polymer chemistry are hydrogen bonding, >7 metal coordination,®™° electoestatic,'*™**

host-guest complexation’® and m-m stacking.™'®

Compared to the strong,
nonreversible covalent bonds, the weak non-covalent bonds are generally stimuli-
responsive, that is, they exhibit reversible association—dissociation behavior on
exposure to external stimulus such as light, heat or chemicals. These reversible

behaviors endow supramolecular polymers with versatile functions, such as facile

18-21 22-25

processing/recycling,*!” self-healing,"*** shape memory*** and high responsivity to

stimuli. 2%’

There are two types of supramolecular polymers which can be categorized into main-

28,29 30,31

and side-chain supramolecular polymers. Main-chain supramolecular polymers
where non-covalent interactions are employed between monomer units to fabricate
homopolymers and block copolymers as are shown in Figure 4.1(a). Polymers based on
this concept combine many of the attractive features of conventional polymers with
properties that result from the reversibility of the bonds between monomeric units. In
this case, non-covalent interactions can be adjusted to control specific parameters that

determine final polymer properties, such as degree of polymerization, lifetime of the

. . 1
chain and structural conformation.

In contrast, side-chain supramolecular polymers are polymers in which the polymer
backbone is based on covalent bonds while the side-chains of the polymer are non-
covalently functionalized as is shown in Figure 4.1(b). The main benefit of non-covalent

side-chain functionalization is that it combines the robustness of the covalent main-
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chain polymer along with the reversibility and flexibility of non-covalent interactions,
and hence has been used extensively in synthesizing tailor-made materials with
controlled architectures and properties.” These materials are composed by fourth
relevant parts: the polymer backbone, the side-chain, the non-covalent complex and

the functional moiety.

@) | AABAMMEE NN R E NN R
e _ Non-covalent complex SN,  Covalent segments

(b)

Covalent backbone
—— Side-chains
—— Non-covalent complex

—
—
g g g g §<—— Functional moiety

Figure 4.1. Schemmatic representation of (a) main- and (b) side-chain supramolecular

polymers.

Generally it exist three strategies to obtain side-chain supramolecular polymers
(Scheme 4.1): a) the recognition motifs covalently attached to the polymer backbone
are introduced in a post-polymerization step followed by self-assembly, b) the
monomers containing terminal recognition units are polymerized and subsequently
functionalized and c) the self-assembly step precede the polymerization.**

c) Self-Assembly Before
a) Post-polymerization b) Functionalization Polymerization
Functionalization Before Polymerization X

hg T 4

Monomer Functionalizable Functionalized
Monomer Monomer
Polymerizel Functional lpolymerize Functional l polymerize

g Moiety
e
— > — >
Polymer Functionalizable g g

Polymer Functionalized Polymer

Scheme 4.1. Schematic display of various functionalization strategies.
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Over the past few years, several approaches have been used to enhance the properties
of polyurethanes (PUs), in this way the synthesis of supramolecular PUs (SPUs) can
receive relevant attention. Because non-covalent bonds are reversible, the material
properties of SPUs offer an additional level of control through choice of prepolymer
constituents and the nature of non-covalent forces that are used.*”> One of the non-
covalent interactions more used in the synthesis of SPUs is based on hydrogen
bonding. For example, in several reports Chen et al. have reported on pyridine

3336 5pUs based on hydrogen bonds

containing SPUs as stimuli responsive materials.
are synthesized from N’N-bis(2-hydroxylethyl) isonicotinamine (BINA), hexamethylene
diisocyanate (HDI), and 1,4 butanediol (BDO). Both permanent and reversible net
points are reportedly established through hydrogen bonding: the former through the
phase separation and H-bonding of BDO-isocyanate segments and the latter through

H-bonding interactions between the pyridine ring and urethane N-H group.

In addition, ionic interactions are among the most widely encountered non-covalent
interactions in SPUs systems rivaled only by hydrogen bonding interactions in their
frequency.37 The most relevant example of using ionic interactions in materials science
is in the field of ionomers which are tailor-made materials. lonomers are widely used
commercially due to their unique physical properties such as enhanced impact
strength, thoughness and thermal reversibility.s8 The majority of the ionic
functionalized side-chain polymers are based on post-polimerization functionalizations
to elude severe interference of the charged ionic centers during the synthesis. The
interest in ionomers stems from the large property changes that result from interchain
supramolecular bonding of the contact ion pairs. In the last decade, it has increase
attention for SPUs ionomers which contains side-chain ionic groups due to for their
unique properties with applications in the field of coatings and adhesives. Recently,
thermoplastic PU (TPU) sulfonate ionomers with quaternarium ammonium cations

were shynthesized for the purpose of internally plasticising TPU.*®

Moreover, ionic hydrogen bonds are defined as ionic interactions in some reports,*®*

but in fact as a particular type of hydrogen bond with potential proton transfer

between organic cations, such asprimary or secondary amine or quaternary

44,45

ammonium, and anions, such as carboxylates and sulfates groups. These bonds are
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usually formed by mixing acid and base, the classical acid-base reaction.*®*” Whilst this
type of reversible non-covalent interaction has been used to construct supramolecular

48-51

systems in recent years, in PU systems has not received attention despite is

modular character an ease of synthesis.

Hence, in this chapter is described a new attractive and adaptable strategy based on
the incorporation of tertiary amine group to diol, step growth polymerization and the
side-chain introduction of common carboxylic acids to prepare aliphatic bio-based
SPUs under mild conditions. This was achieved by ring-opening of 10,11-
epoxyundecen-1-ol by diethylamine to obtain diol that was polymerized with
isophorone diisocyanate (IPDI) to produce side-chain functionalized polyurethanes
with tertiary amine pendant group. Finally, these tertiary amines side-chain groups
have been used as tethered point for further functionalization with different carboxylic

acids as supramolecular material.

4.2. Results and discussion

4.2.1. Synthesis of Polyurethanes

In this chapter, the main aim of this work is to develop and efficient and facile
methodology to obtain side-chain functionalized monomer from 10-undecen-1-ol. For
this reason taking advantage of the previous chapter synthesis was proposed to
prepare side-chain tertiary amine group monomer. To simplify the study, it was
prepared one monomer only with two functionalities, on the one hand the hydroxyls

groups that they were used to polymerize and the tertiary amine pendant group.

As first stage the synthesis of diol was carried out, as described in the previous
chapter.> The oxirane ring opening of 10,11-epoxyundecan-1-ol with diethylamine,
catalysed with boron trifluoride ethylamine complex, was used to prepare the
functional aminodiol (D4) with high regioselectivity and in good yield (93%). Its *H NMR

spectrum, recorded in CD3;0D and the corresponding peak assignments are shown in
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Figure 4.2. As can be seen, H, and H. protons appear as two double quadruplets and
two double doblets respectively, due to the non-equivalence of the CH, protons when
internal hydrogen bonding is present. When the 'H NMR spectrum was recorded in
CDCl; similar patterns were found but when it was recorded in DMSO-dg, only a
guadruplet was observed for Hy,, showing that in this case hydrogen bonding was less

significant.

4,0 35 3,0 25 2,0 15 1,0
& ppm

Figure 4.2. 'H NMR spectra of D4 in CD3;0H

Further, polyurethane was prepared from equimolar amount of the aminodiol and
commercially available IPDI in THF solution at 60 °C for 4 h using tin(ll) 2-
ethylhexanoate as catalyst. The molecular weight of PUD4 was evaluated by SEC,
resulting a weight average molecular weight of Mw = 30000 Da and dispersity (D =

1.4).

As can be said in the previous chapter, IPDI is an asymmetric cycloaliphatic
diisocyanate and contains Z and E isomers in a 3:1 ratio. Thus, the molecule consists of
a mixture of two isomers, cis (Z) and trans (E), corresponding to the R and S
configuretion at C-5, respectively. For each of these isomers, the reactivity of the two
NCO groups is different and, consequently, different types of NCO groups and
urethane moieties are formed during the reaction of the IPDI-diols prepolymers, and

are present in the reaction mixture at same time.
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The structural characterization of PU was carried out by NMR and FTIR spectroscopy.
In Figure 4.3(a) the 'H NMR spectrum of polyurethane from aminodiol and IPDI is
shown as a mixture of both isomers.

) o
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Figure 4.3. "H NMR spectra of a) PUD4 and IPDI. b) SIPU1-4.

Signals corresponding to both isomers have unequivocally been identified by means of
2-D NMR gCOSY and HSQCAD spectra. Protons corresponding to the cyclic IPDI were
identified: at 3.78 ppm signal (h) corresponding to methine ring undistinguishable for
both isomers, and at 3.25 and 2.91 ppm signals (s and i) corresponding to methylene
linked to urethane of E and Z isomers, respectively. Moreover, the urethane proton

signals from the isocyanate bonded directly to cycloaliphatic ring (j) and the urethane
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proton signals from the isocyanate bonded through a primary carbon (k) are
undistinguishable for both isomers and appear at 4.02 and 4.79 ppm respectively.
Both isomers appear in a ratio 1:3 calculated from signals (s and i) corresponding to

methylene linked to urethane.

Moreover, FTIR spectroscopic characterization revealed the expected structural
features, including the disappearance of the vibrational band of NCO function, located
at 2235 cm™ and the appearance of absorption bands (cm™) of main chain about
1695, 3320 and 1522 cm™ arising from urethane linkages corresponding to C=0

stretching and NH stretching and bending bands respectively.

The modification of the amine-containing PU was performed in a THF solution at room
temperature and isolated by simple evaporation of solvent under reduced pressure. All
supramolecular systems were obtained as light yellow transparent materials,
suggesting the homogeneous dispersion of the carboxylic acid component in the PU
chains. This observation, together with the fact that thin films became opaque after
immersion in aqueous solution due to the precipitation of the carboxylic acid, proved
the successful formation of the supramolecular ionic hydrogen bonding systems, since
water molecules disrupt such interactions. Four carboxylic acids with different
structural characteristics: octanoic acid (1), sebacic acid (2), succinic acid (3) and citric
acid (4) were used to prepare supramolecular ionic polyurethanes (SIPU1-4) as can be

seen is Scheme 4.2.

Scheme 4.2. Preparation of SIPU1-4.
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To facilitate the structural characterization of these SIPUs, a previous model was
prepared with the bis-urethane (BIU) and octanoic acid. The *H NMR spectra of BIU
and the ionic specie resulting from BIU plus octanoic acid, are shown in Figure 4.4.
Signals at 2.31 and 0.73 ppm corresponding to methylene bonded to carboxylic group
and methyl group of octanoic acid are observed. Moreover, methylene signal (c) and
ethyl group signals (a and b) directly bonded to nitrogen suffer a slight deshielding
(0.20-0.25 ppm), and a new signal at 8.45 ppm from diethyl ammonium cation
appears. Figure 4.3(b) collects the spectra of SIPUs where these changes in chemical
shifts are observed when compared with precursor PU (Figure 3a), thus confirming the

formation of ionic species.
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Figure 4.4. "H NMR spectra of BIU (a) and a mixture of BIU and octanoic acid (b).

To confirm the formation of hydrogen ionic bonds, IR spectra were carried out, but the
polymer modification could not be revealed by FTIR, because the signals of urethane
and carboxylic/carboxylate groups appear overlapped when BIU or PU were modified
with octanoic acid. However, FTIR allowed demonstrate the natural equilibrium
between hydrogen bonding and ionic bonding in the modification process when the
aminodiol was mixed with octanoic acid. In Figure 4.5, the transformation of

carboxylic group of octanoic acid in carboxylate and carboxyl hydrogen bonded amine
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group was observed. In contrast, when the monomer was modified with fluoroacetic

acid, only the absorption band of carboxylate group appears
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Figure 4.5. FTIR spectra of octanoic acid (a), aminodiol with octanoic acid (b) and aminodiol

with trifluoroacetic acid (c).

4.2.2. Thermal, rheological, electrical and mechanical properties

Thermal properties of SIPUs, including thermal phase transition and thermal stability
were evaluated by DSC and TGA under N, atmosphere at heating rate of 10 °C/min. In
Figure 4.6 the DSC traces for each sample related with the second heating of heating-
cooling cycle analysis, are shown. The plots indicate that all PUs systems, including the
starting PU and SIPUs, form an amorphous phase without showing any trace of
crystallization or melting point. The glass transition temperature, T, varies between 4
°C for the SIPU1 (modification with octanoic acid), and 58 °C for the SIPU4
(modification with citric acid). Indeed the profusion of inherent hydrogen bonds, due
to the presence of tertiary amine, increases the rigidity and thus strongly suppresses

the mobility of the polymer chains.

The data are summarized in Table 4.1. SIPU1, obtained from a monofunctional acid
with a long alkyl chain, shows the lowest T, value. The possibility of hydrogen bonding

between chains of precursor PU decreases and consequently the physical crosslink
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density is reduced. Besides, the presence of a long chain moiety acts as plasticizer. On
the other hand, the SIPU4 network formed with citric acid (trifunctional acid with short
alkyl chain), shows the highest T, because the density of physical bonds is considerably
increased. For SIPU2 and SIPU3, both from difunctional acids with long and short alkyl
chain respectively, intermediate T, values are found. Thus, modified polyurethanes
bring about Tgs that differ in more than 50 °C, making them suitable for a wide range

of applications.

Table 4.1. Thermal and rheological properties for PU and SIPUs

DSC  Rheometer TGA
Sample T,(°C)  Tu(°C)  Tsy (°C) Td (°C)°
PUD4 40 61 269 333/425
SIPU1 4 37 198 206/335/426
SIPU2 25 47 233 329/452
SIPU3 42 61 208 333/438
SIPU4 58 78 195  194/274/336/414

*Temperature at which 5% weight loss was observed.
bTemperature for maximum degradation rate.
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Figure 4.6. DSC traces of PUD4 and SIPUs.
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Afterwards, to evaluate the effect of non-covalent interactions in the thermal
degradation process of PU system, thermogravimetric measures were carried out.
Thermal stability of PU and SIPUs was evaluated by TGA and data are summarized in
Table 4.1. Figure 4.7 shows the weight loss upon heating under N, atmosphere and
corresponding TGA derivatives. Although in general, PUs present low heat resistance
due to the presence of thermo-labile urethane linkage, in the thermogram it can be
observed that the original PU owns major temperature resistance. This behaviour can
be explained recalling that SIPUs contain carboxylate groups vulnerable to earlier
degradation by decarboxylation process, suggesting that degradation starts at the
modification moiety. As an example, it can be observed in Figure 7(b), as derivative

curve citric acid coincides with the first degradation derivate of SIPU4.

Besides this first degradation, the relevant weight loss for all samples occurs in the
range of 250-350 °C, corresponding to the typical degradation temperature of the
urethane bond. Studies on the decomposition of the urethane bond indicate that
decomposition initial temperature depends on the structure of both the isocyanate
and the diol. It takes place through dissociation to isocyanate and alcohol, the
formation of primary amines and olefins and the formation of secondary amines and
carbon dioxide. Finally, the third degradation stage (over 400 °C) corresponds to the

gasification of any remaining components.>
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Figure 4.7. TGA and first derivative traces of PUD4 and SIPUs (a), and citric acid PUD4 and SIPUs (b).
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Furthermore, an analysis of the rheological behaviour of PU and SIPUs was carried out.
The results are shown in Figure 4.8 in which the dynamic storage modulus (G’) and loss
modulus (G”), taken at frequency of 6.28 rad s and deformation 0.5%, are plotted
against temperature in a semi-logarithmic format. These plots illustrate the significant
changes in viscoelastic properties of SIPUs over the temperature range investigated.
For all the samples, at low temperatures the rheological response is elastic, with G" >
G”, whereas at high temperatures, the rheological response becomes predominantly
viscous, with G”’> G’. The constant elastic moduli, G’, observed at low temperatures for
the studied PU and SIPUs, represent equilibrium values, G, that indicate the presence
of an elastic network. The experimental evidence of this network is confirmed in Figure
7, which shows the isothermal frequency scans for sample SIPU2, as a representative
example of the other samples. At T=202C, which corresponds to T<Tnl for SIPU2 (Tnl=
479C, Table 1), both, elastic, G’ and viscous, G”’, moduli are practically independent of
frequency and G’>G”; this is the typical conduct of an elastic solid. However, at
T=579C, above Tnl, the viscous modulus prevails (G"’>G’) and both moduli depended on

frequency, indicating that the network has faded at this temperature.
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Figure 4.8. Isothermal frequency scans under lineal viscoelastic conditions at temperatures
below (20 °C, empty symbol) and above (57 °C, full symbol) Tnl for sample SIPU2. Similar
results are obtained for the other samples.
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Interestingly enough, the values of G, are practically the same (G.= 7x10° Pa) for all the
samples, notwithstanding precursor PU present only hydrogen bonding and SIPUs
present both, hydrogen bonding and ionic interactions. As stated above, hydrogen
bonding is due to the presence of tertiary amine in all the samples. This signifies that
the contribution of the ionic interaction to the consistence of the network is not
determined. However, the effect of the nature and the amount of physical bonds is
certainly noticed in the transition from the elastic state (G’>G"’) to the viscous state
(G"”">G’), as can be seen in Figure 4.9. This transition temperature corresponds actually
to a transition from a network to a liquid state, T, and it is defined as the temperature
at which G’=G”. In other words, it represents the temperature where the network lost
its properties of elastic solid by rupture of physical interactions, becoming a viscous
liquid. It is observed that Tnl is shifted 5 °C with respect to the temperature at which
the maximum in G” is observed. From the point of view of the theory of the linear
viscoelasticity,”® which is out of the scope of this paper, this absence of coincidence
signifies that the application of the Maxwell model with a single relaxation time is not

possible in this case.
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Figure 4.9. Temperature dependence on dynamic storage moduli G’ (empty) and loss
moduli G” (full) for PU (black) and SIPUs.

The corresponding T, values of PU and SIPUs network (Table 4.1) are related to their

chemical structure. All SIPUs are amine-containing PU modified with carboxylic acids
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with different structural characteristics. Therefore, two factors affect T, transition: The
number of acid groups and the alkyl chain length of carboxylic acids. As it can be
deduced from Table 4.1, there is a direct correlation between T values and T, values
and, consequently, the aforementioned analysis on the effect of the chemical structure

on Tg is perfectly applicable to T.

Similarly, a correlation between chemical structure and viscoelastic behaviour was
found in main chain supramolecular ionic networks based on citric acid and dicationic

ionic liquids.>

A relevant aspect of the investigated SIPUs is its rapid thermal reversibility. The
analysis carried out consisted in temperature ramps on heating and cooling from 30°C
to 100°C with a stabilised time for 2 minutes in every step. The thermoreversible
character of SIPU4 is shown in Figure 4.10 as an example of the behaviour observed for
all the samples. Similar G’ and G” values are obtained on a continuous heating and
cooling cycle, without any hysteresis symptom, indicating the rapid thermal
reversibility of the SIPUs, due to the noncovalent nature of the involved interactions

between chains that can break and re-form rapidly.51
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Figure 4.10. Temperature ramps on heating and cooling for SIPU4.
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In view of the good reversibility results, a recyclability analysis for SIPUs was
performed. After a first heating at 120°C, the samples were cooled and then removed
from the rheometer. Then they were triturated to powder and moulded at 50°C under
pressure to obtain recycled samples which were analysed again. This process was
repeated for three times. The results for SIPU4 are shown in Figure 4.11. As can be
inferred, the sample maintains basically its thermo-mechanical properties, since only a

slight increase of T, is observed and exclusively after three cycles.

G',G" (Pa)

10° -

—e—yvirgin SIPU4
—e— 1% recycling cycle
—a—2" recycling cycle

—— 3" recycling cycle

40 60 80 100 120

Temperature (°C)
Figure 4.11. Temperature ramps of SIPU4 after recycling cycles.

To have a complementary survey of the break of the elastic network, as well as to
assess the ionic character of SIPUs related to precursor PU, ionic conductivity versus
temperature was measured. The network disruption caused by temperature, should
lead to a rapid increase of the ionic conductivity, because the dramatic viscosity
decrease associated to network rupture, leads to an increase of the ionic mobility. Our
results, shown in Figure 4.12, confirm this assumption, which has been verified also for
other ionomers or ionic supramolecular networks.’® The measurements were carried
out from 30 °C to 80 °C for all samples, except for SIPU4 whose analysis was carried
from 30 °C to 130 °C, as conductivity was not observed up to 80 °C. The observed rapid
increase of the ionic conductivity as temperature overtakes a certain value constitutes
an evidence of the breakup of the elastic network. Although an exact evaluation of the
network to liquid, Tnl, transition is not possible from the results of Figure 4.12, it is

seen that the order sequence from the lower to the higher temperature for the
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disruption is: SIPU1<SIPU2<SIPU3<SIPU4. Hence, comparing the results of Figure 4.12
with those of Tnl shown in Table 1, the effect of the chemical structure on the

inception of the breakup of the network is confirmed: The network is more stable the

higher the functionality of the acid is and the shorter is the alkyl chain.
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Figure 4.12. lonic conductivity versus temperature for PUD4 and SIPUs. The conductivity

of PUD4 is not observed in the figure because is very low (1x10'11 S/cm).

A study of how the established structure-rheology correlation is reflected in ultimate
properties, such as tensile mechanical properties, was carried out. Tensile tests were
performed on SIPUs networks. For the sake of approaching to the end use properties,
measurements were carried out at room temperature (T=232C). Consequently, in view
of the results of Table I, we have to point out that the tests were performed above or
in the vicinity of T, for SIPU1 and SIPU2, but below T, for SIPU3 and SIPU 4. Therefore
the results should be discussed considering this reality. The stress-strain curves are

depicted in Figure 4.13 and the Young’s modulus, elongation at break and stress at

break are given in Table 4.2.

A similar Young’s modulus was observed for networks SIPU1 and SIPU2, a typical
derived from large alkyl chain acids: octanoic and sebacic acids respectively. The small
elastic region suggests the elastomeric character of these samples at room
temperature. In comparison, SIPU1 from monofunctional acid presents a considerable

higher elongation at break (approaching 500%) than SIPU2, which present the
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restriction of ionic hydrogen bond network. Moduli significantly higher were obtained
for SIPU3 and SIPU4, because measurements were performed below Tg. lonic
networks obtained form di- or triacids with short alkyl chain limit the mobility of PU
chains increasing the elastic region and obtaining materials rigids at room

temperature.

Table 4.2. Mechanical properties of PUD4 and SIPUs.

Sample Young's Elongation at  Stress at break
Modulus break (%) (MPa)
(Mpa)
PUD4 88.4+0.7 20.4%2 2.74+0.17
SIPU1 22.3+0.3 49419 0.70+0.04
SIPU2 24.0+0.3 7716 1.55+0.14
SIPU3 89.810.7 504 4.99+0.23
SIPU4 122+1 4514 6.53+0.24
SIPU4
ml e sIPU3
] ---- SIPU2
5+ )
] - - -sIPUA
é i . f ——PUD4
W
¢ o
= .

Strain (%)

Figure 4.13. Stress versus strain curves of PUD4 and SIPUs

In summary, the post-synthetic non-covalent modification of tertiary amino-side chain
functional PUs using carboxylic acids is a straightforward approach for the preparation
of supramolecular PUs from renewable sources with easy property tuning. The
resultant SIPUs contain diethyl ammonium and carboxylate moieties that are bonded
by a combination of ionic hydrogen bonds. The presence of ionic interactions permits

these materials a rapid reversibility and recyclability when submitted to temperature
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cycles. These results can be used in stimuli-response materials research, such as self-
healing or shape memory properties and expanding the range of application of

conventional polyurethane.
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Chapter 5

Post-Synthetic Non-Covalent Crosslinked
Polyurethanes as Self-Healing Elastomers
from Renewable Sources

Taking advantage of the previous chapter methodology, this chapter is focused to
synthesize supramolecular polyurethane networks with elastomeric properties at

room temperature as efficient self-healing materials.
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5.1. Introduction

Living organisms are able to recover from injuries to resume active and reproductive
functions. The ability to continue these metabolic processes determines the longevity
of their existence. Synthetic materials are designed to be functional, but do not
possess metabolic attributes. To prolong their lifespan, the concept of self-repairing
has been explored and became the central topic of scientific interests and
technological significance.'™ Recent advances and numerous successful approaches to
repair mechanically damaged materials have been developed in the last decade.®’
There are two events during self-repairing that are particularly critical: (1) physical flow
of molecular segments at or near a wounded area and (2) re-bonding of cleaved bonds
after mechanical damage. These events may occur continuously, depending upon
interplay between kinetics and thermodynamics. Ideally, one can envision diffusion of
chain ends, followed by their re—bonding.g’9 Still another property of the respective
self-healing process could be used to distinguish material subclasses, leading to the
terms ‘extrinsic’ and ‘intrinsic’ self-healing. Extrinsic self-healing materials themselves
do not owe a hidden intrinsic capability for self-healing; rather, the healing process is
based on external healing components, such as micro- or nanocapsules, intentionally
embedded into the matrix materials to make them self-healing. The content of these

10,11

capsules becomes the mobile phase upon damage. On the other hand, intrinsic

self-healing requires no separate healing agents, which is to be preferred but,

depending on the material class and healing mechanism, not always feasible.'?*3

Intrinsic self-healing systems based on polymers have received special attention in the

last decades.***”

A critical factor to achieve desirable mobility of polymer chains is the
presence of free volume.'® The well-known concept of free volume ought to describe
an average chain mobility typically reflected in the glass transition temperature (Tg)
that impact such properties as permeability, diffusivity, flexibility, and others *® Due to
limited chain mobility and a lack of bond reformation abilities, common polymers do
not show self-repair attributes. There are few classes of reactions to offer self-
repairing through the cleavage and reformation of specific bonds. These entities are

incorporated into polymer, and are typically categorized into reversible covalent and

non-covalent bonds. The presence of these reversible bonds introduces molecular
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level heterogeneities along a polymer backbone or as pendant groups; which may
further facilitate the formation of new phases with extended length scales. Indeed,

materials capable of autonomous healing upon damage have numerous potential

applications.zo’21 So far, self-healing has been demonstrated in linear polymers,
supramolecular networks,”***  dendrimer-clay systems,”> metal ion-polymer
systems,zs’27 and multicomponent systems.28’29

As described in the introduction of the previous chapter, integrity of supramolecular

polymers is achieved by the formation of non-covalent interactions.>*>?

This is tipically
accomplished by the presence of the associative groups non-covalently attached to
main chain or side chain of the polymers. In some cases, these assembles bind lineal
polymers or prepolymers into networks with plastic or rubber behaviour resulting from

the non-covalent cross-linking by non-covalent interactions.>*3*

Thus, heterogeneities
are inherent for many supramolecular networks affecting their physical and chemical

properties, and facilitating self-repair.

The general process of self-repairing is depicted in Figure 5.1, demonstrating the basic
steps of self-healing mechanism in supramolecular ponmers.35 First, the undamaged
material, consisting of polymer chains containing supramolecular bonds, forms a
network by bonds able to connect and reconnect via reversible “sticker-like”
behaviour. Thus, in contrast to conventional polymeric materials, the strength of the
material is generated by the “stickiness” of the supramolecular bonds and is not
generated by covalent bonds or chain entanglements. Crucial for this network
formation is a specific interaction between the two different supramolecular bonds,
linking the polymer chains. After damage has occurred via external forces leading to a
crack, the generated new interface contains a multitude of unbound supramolecular
bonds, which remain “sticky” at the fractured surface for a certain period of time.
Thus, recombination of the two fragments leads to reformation of the supramolecular

bonds closing the gap and healing the damaged site.??
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Figure 5.1. Schemmatic representation of self healing process.?

Several features make supramolecular chemistry particulary attractive when comes to
self-healing: reversibility and speed, directionality, and sensitivity. In contrast to
covalent bonding, these networks can be remodelled rapidily and reversibly form from
fluid-like to solid-like states.*® The possibility to repeatedly conduct the healing process
even after multiple damages have ocurred is the most important benefit of

supramolecular self-healing materials.

On the whole, in PU not many intrinsic self-healing mechanisms have been reported.*’
Much less attention has recieved the field of supramolecular PU as a self-healing
materials, where the reversible bonds are responsible for intrinsic self-healing, despite

its modular character and ease of synthesis.s&39

Lin and Li reported the design of PU
hydrogels with intermolecular quadruple hydrogen-bonding interactions. These PUs
were fabricated by the copolymerization of a PU macromonomer containing two
terminal double bonds with a monomer bearing the 2-ureido-4-pyrimidone unit,
capable to form reversible interactions. The results indicate that the prepared PU
hydrogels can autonomously and rapidly repair occurring incisions or cracks at ambient
temperature without the need for any stimulus. These hydrogels possess high
deformability under both tensile and compressive stress and strong recoverability

upon removal of stress, thus exhibiting outstanding self-healing, elasticity, robustness

and toughness.38

Alternatively, the design and synthesis of zwitterionic PUs with sulfobetaine groups
have also been considered for obtaining self-healing materials. In this case, non-

covalent ionic interactions are crucial to achieve PUs with self-healing capabilities. For
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example, Chen et al. synthesized zwitterionic PUs that by immersing in moisture-rich
conditions and drying at low temperature demonstrated good self-healing properties.
The self-healing mechanism is ascribed to the spontaneous attraction of zwitterions,

followed by slower re-entanglement.39

Considering its high stability and facile accessibility demonstrated in the previous
chapter, ionic hydrogen bonding holds promise for the facile fabrication of stimuli-
responsive PUs networks is presented and discussed. Therefore, in this chapter the
synthesis and studies of novel adaptive elastomers constructed from linear PU
featuring tertiary amino groups as side chain functionalities and carboxylic acid as non-
covalent crosslinkers. These materials exhibit some promissing material properties
such as effective energy dissipation upon deformation through unzipping the ionic
hydrogen bonding network, combined with good shape regeneration property and
recycling/reshaping capability due to their recoverable nature. More importantly, the

resulting elastomers possess the inherent ability of self-healing.

5.2. Results and discussion

5.2.1. Synthesis of supramolecular polyurethane networks (SPUN)s

Elastomeric SPUNs were easily prepared by a proton transfer reaction between a
carboxylic acid and linear PU featuring tertiary amino groups as side chain
functionalities (PU2), both coming from renewable sources. Taking advantage of the
versatility of our approach, five small-molecular biological carboxylic acids with
different aliphatic chain lengths and functionality: sebacic acid (1), succinic acid (2),
suberic acid (3), citric acid (4) and oxalic acid (5) were selected to broad the properties
of the networks by non-covalently bridging all the tertiary amine nitrogen centers

through ionic hydrogen bonds (Scheme 5.1).
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Scheme 5.1. Preparation of SPUNs

The preparation of SPUNs is described in detail in the chapter 7 (Experimental Part).
Briefly, D4 was synthesized from 10-undecen-1-ol, as a derivative of non-edible castor
oil, following a high yield synthetic route previously described in previous chapters that
uses epoxidation and ring-opening with diethylamine as key steps.40 The
corresponding poly(amino urethane) polymer (PU2) was prepared using
hexamethylene diisocyanate (HDI) in THF at 602C. A high yield (93%) of PU2 was
recovered, with the resulting polymer exhibiting a weight-average molecular mass
(M) of 40600. The analysis of PU2 by FTIR and '"H NMR spectroscopies confirmed that
polymerization reaction proceeded successfully. Characteristic IR absorption bands
arising from urethane linkages were observed at 1688 cm™ (C=0 stretching), 3325 cm™
(NH stretching) and 1530 cm™ (NH bending). As shown in Figure 5.2(a), 'H NMR
spectrum is in full concordance with the expected chemical structure of PU2. Next, the
post-synthetic cross linking of PU2 was performed using one of the selected carboxylic
acids, as small non-covalent cross-linker, to produce SPUNs with ionic hydrogen bonds
as cross-linking points (Scheme 5.1). SPUNs were prepared by mixing both components
in THF at room temperature and isolated by simple evaporation of the solvent under
reduced pressure. All supramolecular assemblies were obtained as light yellow
transparent materials, suggesting the homogeneous dispersion of the solid CA
component in the network. This observation, together with the fact that thin films
these materials became opaque after immersion in an aqueous solution due to the

precipitation of the carboxylic acid, proved the successful formation of the
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supramolecular ionic hydrogen bonding networks, since water molecules disrupt such

interactions.

The structure of the non-covalent assemblies was first investigated by FTIR
spectroscopy. It is worth to remark that in the case of previous supramolecular ionic
networks, the appearance of a band associated to carboxylate moieties in the range
1550-1620 cm™ was considered as a direct proof of the proton transfer process
between carboxylic acid groups and nitrogen from the amine and the generation of
ionic species.*’ Unfortunately, in SPUNs overlapping of this signal occurred with N-H
bending of urethane linkages. Nevertheless, carboxylic acid and carboxylate bands
could be observed at 1718 and 1568 cm™, respectively, in an equimolar mixture of D4
and octanoic acid used as a model non-covalent assembly. This confirms the
coexistence of molecular and proton transfer-generated ionic hydrogen bonded

complexes.

Furthermore, SPUNs were characterized by 'H NMR in a solution of CDCl; showing
similar features associated to the proton transfer in previous works.** Chemical shift
changes were analyzed using as a reference linear PU2 (Figure 2.1(a)). Figure 2.1(b)
shows the representative 'H NMR spectrum of the SPUN1, where the resonances at
2.53 ppm and 2.42 ppm attributed to the protons (b) and (c) adjacent to the tertiary
amines are deshielded (by 0.13 ppm for b), as a result of the protonation of the
adjacent tertiary amine. Furthermore, the characteristic signal at 8-9 ppm
corresponding to the protons of the carboxylic acid groups completely disappeared
and the signal associated to the protonation of the tertiary amino groups appeared at
around 6.5 ppm. Another feature of the 'H NMR spectra is that the signals of the ionic

network are broader, which means that the mobility was reduced.
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Figure 5.2. "H NMR spectra of a) PU2 and b) SPUN1.

5.2.2. Thermal properties.

Thermal properties of SPUNs including thermal phase transition and thermal stability
were evaluated by DSC and TGA under N, atmosphere at heating rate of 10°C/min,
using the non-crosslinked poly(amino urethane) PU2 as reference. The key parameters
of the thermal analysis are summarised in Table 5.1. Figure 5.3 shows the DSC traces
for each sample related with the second heating of heating-cooling cycle analysis. For
all SPUNs the introduction of the acid crosslinker into PU2 inhibited the crystallization
of carboxylic acid component and led to the formation of an amorphous phase in the
solid-state with single T, suggesting that complementary interactions between PU2
and carboxylic acid tie together the tertiary amine centers. In addition, the Tgs of the
SPUNs increased gradually from 2 to 25 °C with decreasing the chain length or
increasing the functionality of the crosslinker. The shortest oxalic acid and the
trifunctional citric acid produced SPUN4 and SPUN5 with the highest T, values due to
the restricted mobility of the network. This indicates that the presence of
complementary ineractions in the bulk state plays an important role in controling the
miscibility-compatibility between both components, which further results in the
formation of a homogeneous supramolecular network with easy property tuning by

changing the structure/functionality or the amount of crosslinker.
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Table 5.1. Thermal properties for PU and SPUNs
—PU2 ——SPUN1 ——SPUNS5 DSC TGA

—— SPUN2 ——SPUN4

Lw Sample Ty (°C) Tsy (°C)° T4 (°C)°
\ PU2 0 264 291/333/427

g \\ SPUN1 2 228 340/463
£ ] SPUN2 4 231 325/460
3 \, SPUN3 8 194 190/331/461
. SPUN4 20 207 196/347/442
T~ SPUN5 25 189 191/341/463
0 - - - : *Temperature at which 5% weight loss was observed.
-20 0 20 40 60

b. . .
Temperature for maximum degradation rate.
Temperature (°C)

Figure 5.3. DSC traces of PU2 and SPUN:Ss.

Thermal stability of PU2 and SPUNs was investigated out by TGA. Figure 5.4(a) shows
the weight loss upon heating under N, atmosphere. All networks showed lower
thermal stability than the control linear PU2 due to decarboxylation/evaporation of
carboxylic acid component at high temperature. Figure 5.4(b), thermal degradation
and first derivate of PU2, SPUN5 and oxalic acid is shown. The plot displays that the
first degradation of SPUN5 coincides with the degradation temperature of oxalic acid.
However the main degradation step for all samples occurs in the range of 250-350°C,
corresponding to the typical degradation temperature of the urethane bonds. Finally, a
third degradation stage occurs over 400 °C and it corresponds to the gasification of any

remaining components.
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Figure 5.4. TGA and first derivate traces of (a) PU and SPUNs; (b) PU, SPUN5 and oxalic acid .
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5.2.3. Mechanical properties.

In order to characterize the synthesized SPUNs with respect to their mechanical
properties, uniaxial tensile testing was carried out. The recorded stress-strain curves
gave information about the Young’s modulus, the elongation and stress at break, as
well as the tension energy from the area below the curve (Table 5.2). As control, an
additional network, CPU, containing covalent crosslinks was synthesized by thiol-ene
photopolymerization (Scheme 5.2) and tested as well beside PU2. As will be shown
later, without reversible ionic hydrogen-bonding capability, the control CPU network is

drastically different from the SPUNs, lacking extensibility, or any adaptive properties.

N o 1% DMPA, hv
L el
PU1 +I§N\,/Tv€\HJLO - 0+n

Scheme 5.2. Preparation of CPU.

H o HS/\/\,SH kl\
‘I'OMOWN\/\M?HJJ\“ — s/\/\/sg CPU

Table 5.2. Mechanical properties of PU2, SPUNs and CPU.

Sample Young’s Modulus Elongation at Stress at break Tensile energy
(MPa) break (%) (MPa) (MJ/m?3)
PU2 0.49+0.03 2987423 0.0077+0.0002 1.15+0.03
SPUN1 0.21+0.03 53615 0.53+0.10 2.55+0.04
SPUN2 0.24+0.03 530+11 0.65+0.11 2.75+0.24
SPUN3 0.74+0.03 1943421 0.0124+0.0002 5.5+0.7
SPUN4 1.9+0.5 512+7 2.5910.12 8.410.4
SPUN5 9.7+0.4 51810 3.241+0.18 10.6+0.8

CPU 11.24+0.21 123+2 3.89+0.23 4.2+0.5
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Figure 5.5. Stress-strain curves of (a) PU2, SPUNs and CPU; (b) PU and SPUNS5 with different

amine:acid ratio.

PU2 shows a stress-strain behavior that is typical for thermoplastics above their T,.
After a small increase of stress in the initial elastic region, the sample shows
pronounced yielding and could be drawn up to the limit of the tensile test machine; it
is practically flowing lacking internal cohesion. In contrast, SPUNs clearly exhibited a
completely different mechanical response behaviour, showing an increasing curve
upon elongation until the fracture lenght was reacted at around 500 % elongation. The
continuosly rising stress-strain curves of SPUNs may induced by the continuosly
ocurring cleavage of ionic hydrogen bonds that have formed in the material as a result
of position changes and reorganization processes during stretching, hence leading to
form a harder network which requires an increased energy uptake in order to
elongate. Interestingly, a sharp bend in the curve for SPUN4 and SPUN5 was clearly
observed around 220% strain. This pronunced strain hardening is assumed to be the
result of position changes and reorganization processes during stretching, hence
leading to a greater proportion of ionic hydrogen bonds that form non-covalent

network.

On the contrary, CPU network, where covalent bonds serve as sacrificial bonds, is
elastic but brittle, showing very poor elongation at break. In this case, once brittle
network is broken the covalent bonds cannot be recovered. Moreover, it should be
noted that only SPUNs samples contracted almost to their original dimensions after

failure with time or upon heat treatment, showing shape-regeneration properties,
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which may originated from the reversible nature of ionic hydrogen bonds, and

suggesting interesting self-healing properties for the prepared materials.

It is worth to remark that SPUN3 behaviour is an exception and their properties are
more similar to PU2 than others SPUNs. This behaviour can be explained by reduced
cross-link density. The presence of intramolecular hydrogen bonds in monoanions of
succinic acid via reaction with different amines, has been reported.42 For this reason,
succinic acid was discarted to continue this study. Figure 5.5(b) shows the stress-strain
curves of PU2 and SPUN5 with different amine:carboxilic acid ratios. Decreasing the
content of carboxilic acid decrease the ionic crosslink and the samples lead to increase
the elongation at break and decrease the stress at break and Young’s modulus. The
presence of non-covalent crosslinks in SPUNs is expected to provide stress-relaxation
response to the networks because in the presence of an external loading, these
dynamic bonds can break and reform succesibely to dissipate the energy avoiding local

stress concentration.
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Figure 5.6. Loading-unloding curves (a,c) and total energy and dissipated portion (b,d) of

SPUNSs; and SPUN5 with different amine:acid ratio.
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As noted erlier, the incorporation of ionic hydrogen bonding interactions as crosslinks
in SPUNs is and effective means of dissipating any deformation energy that is applied
to the system. This energy dissipation can be studied by applying and releasing strain
(loading-unloading), either in isolated or repeated cycles. Viscoelastic systems that can
be disperse the applied energy will typically exhibit different load and unload stress-
strain curves (hysteresis), with the area between the two curves equal to the energy
dissipated per unit volume. When the SPUNs were subjected to a loading unloading
cycle a pronounced hysteresis was observed in the stress-strain curve (Figure 5.6(a,b)),
which indicates the uptake and dissipation of energy in the material, with the

magnitude increasing at higher cross-linking densities (Figure 5,6(c,d)).

Moreover, loading-unloading cycles at different strains 5, 10, 25, 50 and 100% for all
SPUNs were carried out. As an example, the loading-unloading curves of SPUNS is
shown in Figure 5.7(a). Common behaviour of hysteresis loops can be observed during
loading-unloading cycles and the loops become larger when strain is raised, implying
that the network of the ionic cross-linking can effectively dissipated the applied energy
during the stretching for all samples. Figure 5.7(b) shows the dissipated portion and

total toughness for each strain deformation of SPUNS5.

a) ,, b)
' Disspated porition
0,7 B8 Total
0,8 06
E
= =2 059
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S 0,21
0,24 -
0,1
0,0 T T + T - T - T T , 0,0
0 20 40 60 80 100 5% 10% 25% 50% 100%

Strain (%) Strain

Figure 5.7. Loading-unloding curves of SPUN5 under different strains (a) and total energy and

dissipated portion (b).

Then, multiple repetition of the cyclic process provided additional information about
the ability of sample to regenerate its shape in time. As an example, SPUN2 was

subjected to eight succesive loading unloading cycles with a maximun strain of 100%,
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as shown in Figure 5.8(a). Because the material is not able to recover its original shape,
the consecutive stress-strain cycles show a decreasing tensile strength maximun and
an overall decrease of the energy, being more pronounced from the first to the second

cycle since the curves of the subsequent cycles almost orvelapped.

a),, b)
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Figure 5.8. (a) Eight succesibe loading-unloading cycles of SPUN2, loading-unloding cyles of (b)
SPUN2 and (c) SPUN5 performed after 0, 10, 30, 60 and 360 min, and (d) recovery efficiency of

SPUN2 and SPUNS as a function of recovery time.

To demonstrate that mechanical properties could be recovered, the sample was
allowed to rest at room temperture a prescribed time after a first loading-unloading
cycle. With the increase in the waiting time, the hysteresis loop recover back to that of
the first cycle, suggesting different recovery rates depending on the time of
recuperation. Figure 5.8 can be observed the loading-unloading cycles at different
recovery time of SPUN2 (b) and SPUNS5 (c). Figure 5.8(d) is shown the recovery results
of this two networks versus the time waiting between cycles. Neverthless, SPUN2 was
able to recover more than 80% of their mechanical properties if the second loading is

delayed by 1h. Analysing SPUN2 behaviour, it can be seen how this network recovers
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faster the prior mechanical properties than SPUN5 because its lower T, allows polymer

chains to diffuse and rearrange faster at room temperature.

5.2.4. Self-healing, recycling and reshaping properties.

Based on results from recovery experiments, self-healing ability of the prepared SPUNs
was studied. Delightfully, these biobased elastomers exhibited promising qualitative
self-healing properties. Without adding any solvent, healing agent, or external stimuli,
by simply placing two cut pieces together allowing 1h for physical interactions to re-
establish the network at the interface, the healed SPUN1 could be stretched to

aproximately four times its initial lenght (Figure 5.9).

SPUN1
S = healing
E’x,&
||II||||III||I||||I|I||I|I|IIII|HII|I U 1h 25°C
) ::Dut T touch healed

Figure 5.9. Digital images showing the self-healing performance of SPUN1.

To further quantitatively evaluate the self-healing performance of the prepared
SPUNs, tensile stress-strain tests were performed on the virgin and self-healed
specimens. Three different self-healing times 1h, 12h and 24h were observed after cut,
and the sample were tested in tension. Representative tensile curves of rectangular
specimens from SPUNS5 with different healing times are shown in Figure 5.10(a). The
stress-strain curves illustrate that the healing efficiency relies on the healing time and
the chain mobility of the system. In the Figure 10(b) can be observed the results of
healing efficiency versus time for SPUNs. SPUN1 and SPUN2 with the lower T, exhibit
the fastest healing speed and the self-healing efficiency significantly improved with
extending the healing time, reaching an optimal healing of up to 90% recovery of
tension energy of virgin sample. Indeed, after healing for 1h, both samples can be

healed up to about 60% of its original tension energy, which indicated that more than
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half self-healing process ocurred within the first hour after bringing the two cut pieces

back in contact.
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Figure 5.10. Mechanical properties of healed SPUN5(a) and self-healing efficiencies of SPUNs(b)

as a function of healing time.

As expected, a decrease in the healing eficiency was observed in systems with lower
polymeric chains mobility at room temperature. As an example, SPUN4 recovers half of
tension energy at after 12h or SPUN5 recovers only 40% of its original tension energy
after 24h.However, accelerate healing speed and increased healing efficiency could be
realized at moderate temperature. In Figure 5.11(a) was shown the mechanical
properties of healed SPUN5 during 1h at different temperatures, the self-healing
efficiency increase from 5 to 82 % for SPUNS5. These results suggest that healing time
and temperature are important parameters to obtain better healing property. This
observation is reasonable because the self-healing properties of SPUNs are attributed
to the formation of dynamic hydrogen ionic bonds derived from acid-base reaction,
which are similar to those of the reported non-covalent bond based self-healing
materials; upon mechanical damage, the non-covalent associations are more likely to
break due to their lower strengh compared to covalent bonds, resulting in the
presence of a large number of reactive non-associated groups on the surfaces. Once
the fracture sufaces being putted back togheter, the non-association grups will react
with each other and the broken hydrogen ionic bonds reformed at the interfaces

assisted with the difussion and rearrange of polymer chains over time. Thus, long
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healing time and moderate temperature is favourable beacuse helps the non-

associated groups to pair more efficienly across the interface.

Additionally, the impact of the waiting time of the cut specimens before being brought
into contact was investigated. Figure 5.11(b) shows the mechanical properties of three
samples of APE1 were cut and kept apart for different durations, and the self-healing
efficiencies were subsequently tested after being healed 1h at room temperature. The
self-healing efficiency dropped dramatically to 39% and 12% after two fractured
surfaced were left apart for 6h and 12%, respectively. The self-healing efficiency

results can be observed in Figure 5.11(c).
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Figure 5.11. Mechanical properties of healed (a) SPUN5 during 1h at different temperatures,
(b) SPUN2 as a fuction of cut-union time and (c) self-healing efficiencies of SPUN5 and SPUN2.
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Considering the thermal reversibility ionic hydrogen bonds, the recycling and
reshaping properties of SPUNs were investigated. The recycling of SPUN4 was achieved
by applying heat and pressure to small pieces of polymer in a Teflon mould. As can be
seen in Figure 5.12, SPUN4 could be reprocessed two times obtainig a new sample
with defect-free appearance by the effective healing via the dynamic ionic hydrogen
bonding cross-linkig and rearragement of polymer chains. The tensile analysis shows
that after the first cycle the sample could regain 93% of the original fracture energy
and after the second cycle the sample could regain 95% of the first recycling cycle
fracture energy. Although recycled SPUN4 samples could be elongated to a greater

extend until failure, and obvious decrease in ultimate strength was observed.

a) o

|||mhm||mlm|||m||m‘w

virgin SPUN4

< recycling 1 ﬁ

recycling 2

b)

Stress (MPa)

. — 711
0 100 200 300 400 500 600 700
Strain (%)

Figure 5.12. Recycling process (a) and tensile stress-strain curves of virgin and recycled SPUN4

(b).

For the covalently cross-linked network CPU, the pieces could not be reporcessed
under the same conditions. As expected, synthesized SPUNs could also be reshaped
several times after synthesis by heating, moulding and cooling as can be seen in Figure

5.13.
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Figure 5.13. Reshaping test for SPUN5; a) original shape, b) helical specimen, which is obtained
by moulding the specimen a) at 60 °C during 1 h and cooling, and c) spherical shape, which is

obbtained by moulding the specimen b) at 60 °C during 1 h and cooling.

In conclusion, the prepared materials exhibit some promising adaptive material
properties such as effective energy dissipation upon deformation through unzipping
the ionic hydrogen bonding network, combined with good shape-regeneration
property and recycling/reshaping capability arising from their recoverable nature.
More importantly, the resulting biobased elastomers possess the inherent self-healing
ability, which can be seen as an upgrade of their sustainability. These results envision
that the proposed strategy can be extended to combination of non-covalent and

covalent interactions to access a new range of responsive materials.
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Chapter 6

Biobased Polyurethanes with Shape-Memory
Properties through Covalent and Non-

Covalent Approaches

In this chapter the orthogonal post-polymerization modification permits to combine
covalent and non-covalent cross-links. The study is devoted to investigate the changes
in thermal and mechanical properties depending on the covalent crosslink content.

Shape-memory properties were also evaluated.
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6.1. Introduction

The synthesis of new polymers, inspired in the principles that nature has developed
over millions of years, has been an important aim for scientists in the last decades.
Natural materials are able to adapt to the conditions of their surrounding
environment. In this context, one of the most inspiring features is their ability to
change a specific property upon an external trigger."? Shape memory polymers (SMPs)
are defined as responsive materials capable of changing their shape in response to an
external stimulus.? Thus, these polymers are able to memorize a permanent shape and
that can be manipulated in a way that certain temporary shape will be fixed under
appropriate conditions.*® According to the stimulus,’ shape memory effects (SMEs)
are divided into thermal-induced SMEs,? light-induced SMEs,” and electro-active

SMEs.” Recently, SMPs have become increasingly important due to the growing

12-15 6

number of applications, such as actuators,11 biomedical devices, smart cIothing,1

17,18

flexible electronics, aircraft devices, information carriers,*’ and

2021 Thermally-responsive SMPs can be used in most of these

assembly/disassembly.
applications since their shape recovery is generally triggered be heating the specimen

above a transition temperature.

Generally, thermally-responsive SMPs possess at least two different phases, as can be
seen in Figure 6.1: a stable network and a second phase, which can be influenced by
the external trigger. The former phase stabilizes the whole SMP and is responsible to
retain the original shape, i.e. the deformation of this phase is the driving force for the
shape recovery. This stable phase can be achieved by the introduction of chemical

2224 The second

cross-linking, crystalline phases or interpenetrating networks.
reversible phase is able to immobilize or fix a temporary shape and prevent elastic
recovery until the appropriated stimulus is applied. This occurs by crystallization (i.e. a
melting transition will lead to the shape recovery), a glass transition, a transition

between different liquid crystalline phases or reversible covalent cross—linking.25'26
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Figure 6.1. General structure of SMPs consisting of a stable network, which determines the

shape and a reversible phase, which can be triggered by external stimuli.

Recent research on SMPs tends to develop a multi-shape memory effect, which can fix
two or more temporary shapes and recover from the first temporary shape to the

other temporary shapes one by one, until ultimately finally obtaining a permanent

27-30

shape. SMPs with multi-SME, are believed to have significant and broad technology

impacts. It is important to note that currently known triple-SMP systems possess two

well separated phase transitions and that the two temporary shapes are introduced

31-34

above and between both transitions temperatures. For instance, triple-memory

properties could be achieved by designing two thermal transitions in multi-block

35-37

segmented polyurethanes, grafting polymer:;,g’g’39 semi-interpenetrating polymer

41,42

networks,* polymer blends, or polymer composites.*® Another strategy relies on a

single broad thermal transition since the broad thermal transition could be thought to

multiple distinct transitions.***

The broad glass transition temperature can be
modulated with easy changes in the material composition.***’ Xie and Li had achieved
step-wise multi-shape memory and recovery by using the broad transition in
perfluorosulphonic acid ionomers (PFSA). “**° Although many kinds of multi-SMPs have
been reported previously, PFSA is still very important thermoplastic multi-SMPs which

. . . . . . i 1 ini
can be processed into thin films for building bulk smart devices, FEor! Marcador no definido.

In the case of PUs, shape memory polyurethane (SMPU) composed of hard segment

. -52
and soft segment has been extensively researched.”®

It is generally accepted that
hard segments can bind themselves via hydrogen bonding or crystallization making the

SMPU very solid below melting temperature (Tm). Reversible phase transformation of
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soft segment either amorphous phase or semi-crystalline phase is reported to be
responsible for the thermal-induced SMEs of SMPU. Thus, the SMEs of traditional
SMPUs can be controlled through the molecular weight of soft segment, mole ratio

between hard and soft segment, and polymerization process.53

In addition to Tg-type-SMPs with amorphous switching segment and Tm-type-SMPs

with crystalline switching segment,”®*

supramolecular SMPs based on thermal-
reversible non-covalent bonding recently have been another new kind of SMPs.>* In
these systems, the reversible non-covalent interactions are used to stabilize
mechanically strain stated in polymer elastomers; and shape recovery is achieved upon
heating due to the dissociation of non-covalent bonds. The design of SMPUs based on

37 Chen et al.

hydrogen bonds relies mostly on pyridine side-chain groups.
synthesized supramolecular polyurethane networks that contain pyridyl units and
found that the nitrogen atoms on pyridine form hydrogen bonds with urethane
linkages. Due to the temperature effects, these hydrogen bonds can lead to
polyurethane that achieves 91.7 % shape memory recovery. Alternatively, the design
and synthesis of novel zwitterionic PUs with sulfobetaine groups have also been
considered for obtaining biocompatible SMPUs.”*® In this case, non-covalent ionic
interactions are crucial to achieve the SMPs. For example, Chen et al. synthesized novel
zwitterionic multi-shape-memory polyurethanes (ZSMPUs) capable of remembering
four different shapes. Moreover it was demonstrated that increasing the sulfobetaine
content promotes the phase mixing and zwitterions serve as organic fillers in the
zwitterionic polyurethane. Combining the pyridine side-chain group with post-
polymerization modification by ring-opening of 1,3-propansultone, Chen et al.
reported pyridine type ZSMPUs composed of a hard phase and an amorphous soft

phase with a broad glass transition. These materials have more than 86% shape

recovery and more than 95% shape fixity when a heat stimulus is applied.®*

As was been demonstrated along the previous chapters, the properties of the PUs
synthesized in this Thesis can be tuned through covalent and non-covalent
approaches. Pursuing the preparation of novel SMPs, this chapter is focused on
combining the previously described covalent and non-covalent approaches to fabricate

dually cross-linked networks. It is expected that covalent cross-links will form a
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permanent network which can enhance the mechanical strength and maintain the
permanent shape of the polymers, while non-covalent bonds will constitute reversible
network. This physical network will be used to fix the temporary shape after load and

cooling and prevent elastic recovery until heat is applied. As can be seen in Scheme 6.1

and reported for other functional materials fabrication.®>®
Permanent Shape
Non-covalent bonds 4
HEATING
Covalent bonds 4]

REHEATING @ P = [:> load
RECOVERY

SHAPE
_COOLING
%ﬁ 2 —S/ : FIXING SHAPE :
Temporary Shape

Scheme 6.1. Schemmatic representation of thermal dual-SME in networks based on covalent

and non-covalent cross-links.

6.2. Results and discussion

6.2.1. Synthesis of ionic-covalent polyurethane networks (ICPUNs).

The linear PU selected for this study must contain two different functionalities; a
functional group that can be modified with covalent bond, while also other that can be
modified by ionic hydrogen bonds. Following the methodology of the chapter 3, 11-
allylmethylaminoundecan-1,10-diol (D1), that contains terminal alkene and tertiary

amine group, was used to prepare a linear PU.%®

As described in the previous chapters, the thermal and mechanical properties of PUs
depend on the chemical structure of the selected isocyanate. It was previously
demonstrated that while IPDI (a cyclic diisocyanate) produces rigid PUs when
combined with castor-oil-derived diols, hexamethylene diisocyanate (HDI) produces

soft materials with Tg below room temperature. In this study, HDI was used, due to
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obtain flexible polymer films at room temperature, that can conserve a shape and at
the same time can be easily deformed without failure. The molecular weight of PU was

evaluated by SEC and resulted about M, 39000 Da and dispersity of 1.4.

The structural characterization of PU1 was carried out by NMR and FTIR spectroscopy.
Figure 6.2(a) shows the *H NMR spectrum of polyurethane from aminodiol (D1) and
HDI. Protons corresponding to the linear diisocyanate were identified at 3.15 ppm
signal (i) from methylenes linked to urethane group. Moreover, the signals of methine
(f) and methylene (g) directly bonded to urethane group were appeared at 4.85 and

4.01 ppm.

-CH,-

-CH,-
TMS

T T T 1

2 1 0

Figure 6.2."H NMR spectra of PU1(a) and SPU1N (b).

Moreover, FTIR spectroscopic characterization revealed the expected structural
features. Including the disappearance of the vibrational band of NCO function, located
at 2235 cm™ and the appearance absorption bands of the main chain about 1693,
3319 and 1530 cm™ arising from urethane linkages corresponding to C=0 stretching

and NH stretching and bending bands respectively.
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The preparation of ICPUNs from PU1 in THF solution at room temperature was carried
out in two steps (Scheme 6.2), taking advantage of different reactivity of side-chain
functional groups. In the first step a reversible network interpenetrating the PU chains
was prepared. As can be seen in the chapter 4 and 5, the incorporation of physical
linkages was carried out by acid-base reaction between tertiary amine and carboxylic
acid group. Among these acids, oxalic acid is the shortest alkyl chain diacid and forms
the most restrictive reversible network at room temperature, improving the thermal
and mechanical properties in comparison with PU precursor. The methodology of
previous chapter is repeated and supramolecular PU1 network (SPU1N) was obtained
as light yellow transparent materials, suggesting the homogeneous dispersion of the
solid diacid in the PU chains. The reversible network was presented as ionic hydrogen
bonds between allylmethyl amminium cation in PU side-chain linked to oxalate
dianion. Figure 6.3(b) shows *H NMR spectra of SPUIN, where methylene signals (e
and c) directly bonded to nitrogen suffering a slight deshielding (0.15-0.25 ppm).

Scheme 6.2. Post-polymerization modification process.

In the second step, the covalent network was obtained by post-polymerization
modification via photoinitiated thiol-ene coupling reaction, using different amounts of
trimethylpopane tris(3-mercaptopropionate) (TMMP) in the presence of DMPA. Four
samples with 7% (ICPUN7%), 15% (ICPUN15%), 30% (ICPUN30%) and 60% (ICPUN60%)
of alkenes groups in PU side-chain modified by alkyl sulphide bonds were obtained

after reaction and solution casting process. FTIR spectra was used to monitor the
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formation of the covalent networks by the disappearance of the vibrational band of S-

H bond located at 2568 cm™.

6.2.2. Thermal and mechanical properties

The thermal properties of different ICPUNs were evaluated DSC and TGA under N,
atmosphere at heating rate of 10°C/min. Figure 6.3 shows the DSC traces
corresponding to the second heating scan of a heating-cooling cycle analysis. It can be
seen that all ICPUNs are polymers without showing any trace of exothermic or
endothermic peak directly related with melting or crystallization phase transitions. As
was seen in the chapter 5, of oxalic acid irruption between PU chains, reduces the
mobility of the PU chains due to the incorporation of physical cross-links. As can be
seen in Table 6.1 that glass transition temperature (T,) increases gradually with the
increase of TMMP content. This behaviour demonstrates that T, increases due to the
restriction of chain mobility by the formation of covalent networks.®® The Tg values are
raised from 24 to 36°C, making these networks suitable for biomedical devices thanks

to their similarity to body or biomedical application temperature.

0,3 5
— —ICPUT%

- - - ICPU15%

—_—PU1

— -=S8SPUIN
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Figure 6.3. The second DSC heating scans traces of PU1, SPU1IN and ICPUNs
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Figure 6.4(a) shows the thermogravimetric analysis the first derivate for all the
synthezised ICPUNs. The degradation of ICPUNs take place in three main steps. The

first degradation peak appears around 200 °C, is produced for the

descarboxylation/evaporation process of the physical cross-linking, in this case, oxalate
moiety, this was confirmed overlapping the TGA curves of oxalic acid and ICPUN60%.
(Figure 6.4(b)). The main degradation step (300-400 °C) in Figure 6.4(a) is associated
with the urethane dissociation, mainly depending on the isocyanate and alcohol
structures used.®’ Finally, the third degradation stage, over 400 °C, corresponds to the

gasification of any remaining backbone components.®®
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Figure 6.4. TGA and first derivative curve

ICPUNSs (b).

of oxalic acid, PU1, SPU1IN and ICPU60% (a), and

Table 6.1. Thermal properties for PU1, SPUIN and ICPUNSs.

DSC  DMA TGA

Sample T, (°C) T4°C) Tsy (°C) Td (°C)°
PU1 -1 - 262 289/337/424
SPUIN 22 30 186 191/343/465
ICPUN7% 25 40 199 213/341/454
ICPUN15% 27 41 202 210/354/452
ICPUN30% 31 48 205 206/350/456
ICPUN60% 36 49 208 210/364/484

*Temperature at which 5% weight loss was observed.
bTemperature for maximum degradation rate.
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The dynamomechanical behaviour of ICPUNs was investigated by DMTA.
Figure 6.5 shows the elastic modulus and the dissipation factor as a function of the
temperature. At low temperatures there is a solid state with £’ at a high modulus
plateau and at higher temperatures there is a rubbery state with a lower E'. The
storage moduli at the solid plateau increase remarkably in comparison to SPUIN,
indicating that the incorporation of covalent cross-links can be of benefit for improving
mechanical performance. From the DMTA curves, the plateau of the E’ in the rubbery
state can be used to make qualitative comparisons of of the level of covalent cross-
linking among the various polymers. In this case, the storage moduli at the rubbery
plateau increase when the TMMP content increase and it is maintained up to 120 °C
for all networks, whereas in SPU1N, without covalent crosslink, E’ tends to decrease at

60 °C and eventually flows.

DMTA also allows determining the T, of cross-linked materials. It can be detected as
the maximum of the Tan &. The glass transition temperature determined from the
peak of Tan 6 is higher than the one determined by DSC (Table 6.1), which can be
related to the heat transporting hysteresis for large scale samples in DMTA. Consistent
with DSC results, this peak shows a shift of maxima when increasing. The height of the
Tan 6 peak increases as the content of TMMP decreases, according to the lower cross-
linking density that causes lower limitations on freedom of chain mobility. For all
ICPUNs was observed a broad curve of Tan 6. This broad T, was also reported in the
perfluorosulfonate ionomer and the polyethylene-based carboxylated ionomer. 48,69
These results demonstrate that the ionic interactions among the side chains greatly
influence the mobility of the backbone. The broad glass transition can be viewed as the
collective contribution of an infinite number of transitions, each corresponding to
infinitely sharp transition temperatures continuously distributed across the broad
transition.*® The slow dissociation of ionic hydrogen bonds or the creep relaxation of

side chains upon heating, makes the polymer show a broad glass transition.


http://onlinelibrary.wiley.com/doi/10.1002/pola.24466/full#fig5
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Figure 6.5. E’ (a) and Tan o (b) as a function of temperature for SPUIN and ICPUNSs.

The thermo-mechanical results suggested that temporary shape of these networks can
be fixed at room temperature, for this reason, mechanical properties were
investigated by uniaxial tensile testing was carried out. The recorded stress-strain
curves are shown in Figure 6.6 and the results of Young's modulus, elongation at
break, stress at break and their standard deviation are given in Table 6.2. Confirming
the results of the chapter 5, PU1 without cross-linking shows a stress-strain behaviour
that is typical for thermoplastics above their Ty, it is practically flowing lacking internal
cohesion. In contrast, SPULIN clearly exhibited completely different mechanical
response behaviour, showing an increasing curve upon elongation until the fracture
length due to form harder network which requires an increased energy uptake in order
to elongate. In addition, the incorporation of chemical cross-links leads to a
remarkable improvement in the mechanical strength but decrease in the elongation at
break. This indicates that the mechanical properties of the PU network can be
systematically tuned by varying the covalent cross-linking content. It can be observed
that the tensile stress at break increases by ICPUNs from 3.9 to 13.9 MPa when the
content of the TMMP cross-linker changed from 7 to 60%, while the elongation at
break decreases from 507 to 188%. This is because the ionic hydrogen bonds formed
by the acid-base reaction between oxalic acid and side-chain tertiary amine group can
reversibly break and re-form to rearrange the PU chains along the stretching direction,

leading to the good extensively. On the contrary, covalent cross-links form an
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irreversible elastic network, which restricts the mobility of polymer chains, resulting in

an enhanced mechanical strength but poor extensibility.
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Figure 6.6. Stress-strain curves of PU1, SPU1N and ICPUNs

Table 6.2. Mechanical properties of PU1, SPUIN and ICPUNSs.

Sample Young Modulus  Elongation at break Stress at break
(Mpa) (%) (MPa)
PU1 0.39+0.03 2987123 0.0077+0.0002
SPU1IN 9.2+0.4 51610 2.5110.16
ICPUN7% 2.410.1 50718 3.9+0.2
ICPUN15% 4.810.1 41518 5.8+0.4
ICPUN30% 9.310.1 27816 11.4+0.9
ICPUN60% 17.1+0.2 188+2 13.9+0.9

The superior mechanical properties of ICPUNs compared to SPU1N can be explained by
the combination of covalent and non-covalent network structure. To deeply
investigate the mechanical properties of ICPUNs at room temperature, cyclic tensile
loading-unloading tests were conducted. Figure 6.7(a) shows loading-unloading curves
of the ICPUNs with different cross-linking densities during at the same strain of 50%.
With the increase of the covalent cross-linking content, the hysteresis loops become
smaller in agreement with the elastic mechanism of the permanent covalent network.
The plot in Figure 6.7(b) shows the calculated total tensile energy, the dissipated
portion and recovered energy for each sample. In this case, the percentage of energy

dissipated versus the total energy for each sample is 68% for ICPUN7%, 56% for
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ICPUN15%, 19% for ICPUN30% and 16% for ICPUN60%. The lower dissipated portion
observed in ICPUN30% and ICPUN60% suggest that major presence of covalent cross-
linking restrict the movement of the PU chains, thus the stress is likely to be

concentred and high percentage of this tensile energy is elastically recovered.
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Figure 6.7. Loading-unloading curves at 50% strain (a) and total tensile energy, dissipated and

recovered portion representation (b) of ICPUNs.

Further, loading-unloading response of ICPUNs was investigated at different strains 5,
10, 20, 40 and 80%. As an example, the loading-unloading curves of ICPUN15% and
ICPUN30% are shown in Figure 6.8(a,b). As expected, hysteresis loops can be observed
during loading-unloading cycles and the loops become larger when strain is raised. In
Figure 6.8(c) are represented dissipated portion and total tensile energy for each strain
deformation of ICPUN15%, it is shown that increasing strain decrease dissipation
energy, the same phenomena can also observed in others ICPUNs. Moreover, the
dissipation energy comparison between ICPUN15% and ICPUN30% when they are
deformed at different strains is shown in the Figure 6.8(d) confirming the decrease of
dissipation energy at higher covalent cross-link density and higher deformation of the

sample.
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Figure 6.8. Loading-unloading curves at 5, 10, 20, 40 and 80% strain of ICPUN15%(a) and
ICPUN3%(b) total toughness and dissipated portion of ICPUN15% (c) and comparison of
dissipated efficiency between ICPUN15% and ICPUN30% (d).

In this case, the self-healing capability of ICPUNs was evaluated. Qualitative tests
demonstrated the absence of self-healing behaviour at room temperature. Taking
advantage of results presented in chapter 5, self-healing was investigated at 35

°C (Figure 6.13).
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Figure 6.13. Mechanical properties of healed ICPUN7%(a) and self-healing efficiencies of
SPU1N, ICPUN7% and ICPUN15% (b) as a function of healing time.

The stress—strain curves illustrate that the healing efficiency at 35 °C for ICPUN7% and
ICPUN30% relies on the healing time. The sample SPU1IN without covalent cross-links
exhibits the fastest healing speed, recovering ~77% of its original strength after 1 h. A
decrease in the healing efficiency was observed with the incorporation of covalent
cross-links in the system. This can be attributed to the fact that irreversible covalent
cross-links limit the mobility of polymer chains, thus resulting in the decrease in
healing rate and efficiency. ICPU7% still possesses moderate self-healing capability, it
recovering 67% of its original strength after healing for 12 h and 78% after 24 h.
ICPU15% could only reach a healing efficiency of 39% after 24 h. The samples
containing more than 15% of covalent cross-linking, ICPU30% and ICPU60%, did not
exhibit self-healing properties at 35 °C. These results confirm the decrease of self-
healing properties after incorporation of covalent cross-linking in the ICPUNs. The
presence of major covalent cross-link restricts the mobility of PU chains making
difficult the healing process by reformation of ionic hydrogen bonds in the interface of

the damage specimen.
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6.2.3. Shape-memory properties

The combination of covalent and non-covalent cross-links in ICPUNs was investigated
in terms of shape-memory capacity. The shape-memory behaviour of ICPUNs was
investigated by qualitative and quantitative measurements. ICPUN30% sample was
selected for shape-memory qualitative investigation. Figure 6.9(A) shows a flat film
sample that it was first healed at 65 °C for 15 min, subsequently lineal deformation
was applied followed by cooling into an ice water bath for 2 min. When the film was
removed from the bath, ICPUN30% could mantain a temporary shape (B) at room
temperature. After that, the permanent shape could be fully recovered (C) after
submerging the film into water bath at 65 °C for about twenty seconds. This
methodology was repeated changing the type of deformation and the sample
demonstrates an effective fixing and recovery capabilities. This qualitative
demonstration confirms fixing process at room temperature thanks to the presence of
a dynamic reversible network component, while the fast recovery verifies the

relevancy of elastic mechanism from irreversible network component.

D E F G

Figure 6.9. The ICPUN30% flat film (a) was lineal deformed around to give a temporary
shape (b) at 65 °C, and its shape maintained at room temperature. The temporary shape
was recovered (c) into original shape after heating at 65 °C. This process is repeated two

times more with different temporary shapes: spiral (d) and screw (f).
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For the quantitative demonstration the shape memory properties of ICPUNs films, a
typical thermal one-way shape-memory cycle was used. The samples were first heated
to 60 °C in the case of ICPUN7% and ICPUN15% or to 80 °C in the case of ICPUN30%
and ICPUN60%, and a stress of 0.08 MPa or 0.9 MPa was respectively applied. Initial
deforming conditions were selected taking advantage on the thermal and mechanical
properties measured in the previous analysis, searching the major deformation before
fracture. Then, the strain was fixed by cooling the sample to 20°C, after which the
stress was removed. Shape recovery was achieved by reheating the sample to initial
temperature (60 °C or 80 °C). Two main parameters define the quality of the shape
memory material: the shape fixity (Rsx) and shape recovery (R.) were calculated using

equations (1) and (2) below:

€ 100

load

R (1)

fix —

R, = (&= ¢re) 100
€

()

Where €),qq represents the maximum strain under load, € is the fixed strain after
cooling and load removal, and g, is the strain after recovery. In all samples were
shown high strain fixity with values around 99%, and a recovery strain depending on
the ICPUN and the initial deformation, the strain values are collected in the Table 6.3.
Figure 6.10 shows the samples with the minor and the major percentage of covalent

cross-linking content, ICPUN7% (a) and ICPUN60% (b), respectively
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Figure 6.10. Dual shape-memory behaviour of ICPUN7%(a) and ICPUN60%(b).
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Table 6.3. Dual-shape memory properties of ICPUNs.

Sample s1 Reix (SO-S1) Rrec (51-S0)
ICPUN7% 190% 99.8% 62.2%
ICPUN15% 120% 99.3% 70.7%
ICPUN30% 70% 98.4% 99.2%
ICPUN60% 45% 98.1% 99.8%

Similar shape memory capabilities were observed between ICPUN7% with ICPUN15%
or between ICPUN30% with ICPUN60%. Minor presence of covalent cross-linking
permits an increase in deformation and a good fixing strain, in detriment the recovery
step. The reversibility of ionic hydrogen bonds in thermal conditions was thoroughly
demonstrated in previous chapters, but in the SME can involve a handicap when the
elastic mechanism is not efficient. In contrast, major presence of covalent cross-linking
own a rapidly recovery but the deformation are limited due to the restricted mobility
of chains. ICPUN30% and ICPUN60% after deformation, the physical network fixes the
temporary shape by cooling, the new ionic hydrogen bonds formed prevent the
recovery of permanent shape. Afterwards, when the temperature is increased, the
ionic hydrogen bonds are broken and the elastic mechanism of covalent network,
which has accumulated the tensile energy, permitted recover rapidly and efficiently

the permanent shape.

To demonstrate that recovery efficiencies are in relation with the deformation and the
dissipation tensile energy processes, three dual shape-memory cycles increasing
performed stress for each cycle were carried out for the ICPUN15%. As can be
observed in Figure 6.11(a), the increase of stress in the fixing step decreases the
recovery efficiency. The values of the first plot about strain fixing demonstrate in all
cycle to be major than 98% but the increase of the strain to fix the temporary form
affects to the recovery value being for each cycle: 98% in first cycle, 95% in the second
cycle and 72% in the third cycle. This phenomenon can be explained by increasing
strain produce more breaking ionic hydrogen bonds in the dynamic network, as can be
seen in Figure 6.8(c) the dissipated portion of total tensile energy is increased and the

recovery process lost efficiency. On the contrary, in short deformations the number
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non-covalent interactions broken are less but sufficient to fix the temporary shape and

when the sample is heated the strain can be recovered totally.

The study of the dual shape-memory effect was completed by studying the
reporductivility of the shape-memory behaviour. Figure 6.11(b) shows three successive
¢ dual shape-memory cycles for ICPUN30%. The analysis show a lightly wear in the
recovery value at 20 min as recovery time, in the first cycle recovery 99%, 97% in the
second and 95% in the last cycle, in spite of is observed good cycle lifetime for the

material.

Table 6.4. Cyclic dual-shape memory properties of ICPUN15% and ICPUN60%.

ICPUN15% ICPUN30%
Stress (MPa) Rf Rr Stress (MPa) Rf Rr
Cyclel 0.02 99% 98% 0.07 99% 99%
Cycle2 0.03 99% 95% 0.07 99% 95%
Cycle3 0.06 99% 72% 0.07 99% 92%
a) 1% cycle 2" cycle 3" cycle b)
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Figure 6.11. Cyclic dual shape-memory behaviour at different stress of ICPUN15%(a) and at

same stress of ICPUN30%(b).

2779 Triple-SMP can change

Triple-SMP are an important smart materials in SMP.
shapes twice and can fix two metastable shapes in addition to its permanent shape.
Usually the triple-SMP systems possess two well separated thermal transitions;
ICPUNSs, in contrast, only present one broad phase transition, as can be seen in

thermo-mechanical analysis, that can be considered as multiple distinct transitions.
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Figure 6.12 shows the triple-shape-memory effects of ICPUN30% (a) and ICPUN60%
(b). On the previous analysis covalent cross-linking was responsible to the rapi
recovery of the permanent shape but in this case where the principal requirement is to
fix two temporary shapes and recovering them in programmed steps can be a
drawback. The permanent shape (SO) was deformed at 80 °C and fixed at 40 °C to yield
the first temporary shape (S1), which was further deformed at 40 °C and fixed at 10°C
to yield the second temporary shape (S2). Upon reheating to 40 °C, the recovered first
temporary shape (S1,) was obtained. Further heating to 80 °C yielded the recovered

permanent shape (SO,).
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Figure 6.12. Triple shape-memory behaviour of ICPU3(a) and ICPU4(b).

Table 6.5. Triple-shape memory properties of ICPUN30% and ICPUN60%.
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Sample Riix (50-51) Riix (S1-S2) Rrec (52-51) Rrec (s1-S0)
ICPUN30% 58.8% 99.7% 99.8% 94.3%
ICPUN60% 28.6% 99.9% 99.9% 83.4%

The triple-shape memory can be quantified by the percentage of shape fixation (R¢)
and shape recovery (R;). The values of these parameters are summarized in Table 4.
The results demonstrate that the shape fixation ratio in the first stage is lower than in
the second stage for both samples due to the higher fixing temperature and higher

chain mobility. Similarly, the strain recovery in the first stage is considerably higher
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than that in the second stage because the resulting recovery force in the first stage is

considerably higher due to the lower temperature.

As observed previously for the dual-SME, the analysis shown that increasing the
covalent cross-linking density complicate the fixation step of the first temporary shape
due to the stress produced for the deformation of the restricted structure, but gives to
system more recovery energy. In contrast, the major presence of ionic network helps
to fix the form and increase the maximun of deformation but the recovery process is

slower.

In summary, a novel thermo-reversible networks are constructed a combination of
ionic hydrogen bonds and covalent cross-links using linear PU prepared from castor oil-
derived diol. In the resultant materials, the covalent cross-links form a permanent
network which can enhance the mechanical strength and maintain the shape of the
polymers, while the dynamic ionic hydrogen bonds construct a reversible network
which can increase the toughness and realize self-healing as well as the shape-memory
function. By varying the covalent cross-linking density, the mechanical properties and
the stimuli-responsive behaviour can be systematically tuned. This work demonstrates
a simple and effective pathway to fabricate multifunctional polyurethanes with desired
functions. This strategy can also be extended to exploring other types of dynamic non-
covalent or covalent interactions to access a new range of multi-responsive biobased

materials.
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7.1. Materials

The following chemicals were obtained from Aldrich and used as received: 10-
undecen-1-ol, 3-chloroperoxybenzoic acid, N-allylmethylamine, N-
methylpropargylamine, allylamine, propargyl chloride, tin(ll) 2-ethylhexanoate
(Aldrich), isophorone diisocyanate (IPDI), hexamethylene diisocyanate (HDI), octanoic
acid, sebacic acid, suberic acid, succinic acid, citric acid, oxalic acid, thioglycerol (TG),
1,4-butadithiol, trimethylolpropane tris(3-mercaptopropionate)(TMMP), 3-tert-butyl-
4-hydroxy-5-methylphenyl sulphide (Santonox®), boron trifluoride ethylamine complex
and 2,2-dimethoxy-2-phenylacetophenone (DMPA). All solvents were purified by

standard procedures.

7.2. Synthetic methods of monomers and polymers

7.2.1. Monomer synthesis

Synthesis of 10,11-epoxyundecan-1-ol

o)
;: 0

Ho\/\/\/\/\/§ “l HO > HO\/\/\M
(CH,CI),

10-undecen-1-ol (17 g, 0.10 mol), 3-chloroperoxybenzoic acid (19 g, 0.11 mol),
Santonox (1x10"4 mol) as radical inhibitor, and 500 mL of 1,2-dichloroethane were
placed into 1L two-necked round-bottom flask equipped with condenser and a teflon
coated stirring bar. The reaction mixture was gently stirred and heated at 80°C for 1 h.
The resulting yellow solution was cooled at room temperature and washed several
times with 5% (w/w) Na,S,03; and 5% (w/w) NaOH solutions. The organic layer was
dried over anhydrous MgSQ,, the solvent was removed in the rotary evaporator and
the product was dried under vacuum at room temperature for 24 h. The resulting

colourless oil was used without further purification in the next step. Yield 91%.
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'H NMR (CDCl3, TMS, 6 ppm): 3.61 (2H, t, -CH,-OH), 2.90 (1H, m, CH in oxirane ring),
2.73 (1H, dd, , J¢s = 5.2 Hz, H cis in CH, of the oxirane ring), 2.45 (1H, dd, Jyans = 2.4 Hz,
H trans in CH; of the oxirane ring) and 1.53-1.27 (16H, -CH,-).

13 NMR (CDCls, 8§ ppm): 66.77 (t), 59.27 (d), 56.79 (t), 34.80 (t), 32.75 (t), 29.75 (t),
29.50 (t), 29.47 (t), 29.38 (t), 25.72 (t) and 25.66 (t).

Synthesis of N-allylpropargylamine.
XNH, * —
NH, * ZcCl H’\\\

Propargyl chloride (7.00 g, 6.8 mL, 95 mmol) was added slowly to allylamine (38.00 g,
50 mL, 0.67 mol) into 100 mL round-bottom flask and the resulting solution was
allowed to stir for a period of 48 h at 60°C. The reaction was then cooled at room
temperature and then extracted several times with diethyl ether. The combined
extracts were dried over MgSQy, the solvent was removed in the rotary evaporator and
the resulting oil was distilled at atmospheric pressure to obtain colourless oil. Yield

(45%)

'H NMR (CDCls, TMS, & ppm): 5.42 (1H, m, CH,=CH- ), 5.04 (2H, m, CH,=CH-), 3.36 (2H,
dd, -CH,-C=CH), 3.19 (2H, dd, -CH,-CH=CH,) and 2.24 (1H, t, -C=CH).

13 NMR (CDCls, 8 ppm): 135.25 (d), 117.76 (t), 78.47 (s), 73.45 (t), 56.47 (t) and 32.94
(t).

Synthesis of diols

$'
-N
HO g RRWH \/\/\/\/R\)\
_—
AN HO OH

D1: R = -CH,CH=CH, ; R' = -CH,
D2 : R =-CH,C=CH ; R' = -CH,
D3 :R=-CH,C=CH ;R'=-CH,CH=CH,
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A 25 mL round-bottom flask was charged with the corresponding amine (36 mmol),
boron trifluoride ethylamine complex (1.8 mmol) and 10,11-epoxyundecan-1-ol (35
mmol). The mixture was stirred and heated at 80°C for 15h. The resulting oil was
purified by column chromatography using silicagel and hexane/ethyl acetate 1/1 as

eluent.

11-allylmethylaminoundecan-1,10-diol (D1). Colourless oil. Yield 91%.

HO\(\/\/\N\OH
P d

5

'H NMR (CDCls, TMS, & ppm): 5.82 (1H, m, CH,=CH-), 5.14 (2H, m, CH,=CH-), 3.62 (2H,
t, CH,-OH), 3.62 (1H, m, -CH-OH), 3.19 (1H, dd, -CH,-CH=CH,), 2.98 (1H, dd, -CH,-
CH=CH,), 2.28 (2H, m, -N-CH,-), 2.24 (3H, s, CH5-N-) and 1.55-1.28 (16H, -CH,-).

3¢ NMR (CDCls, & ppm): 135.25 (d), 117.76 (t), 66.81 (d), 63.03 (t), 62.89 (t), 60.98 (t),
41.91 (q), 34.88 (t), 32.75 (t), 29.74 (t), 29.50 (t), 29.47 (t), 29.39 (t), 25.72 (t), 25.63 (t).

11-methylpropargylaminoundecan-1,10-diol (D2). Yellow powder. Yield 90%.

HOWOH

™

'H NMR (CDCls, TMS, & ppm: 3.62 (1H, m, CH-OH), 3.62 (2H, t, -CH,-OH), 3.36 (2H, dd,
-CH,-C=CH), 2.49 (1H, dd, -N-CH,-), 2.34 (3H, s, CHs-N-), 2.22 (1H, dd, -N-CH,-), 2.24
(1H, t, CH=C) and 1.55-1.28 (16H, -CH,-).

3C NMR (CDCl; & ppm): 78.47 (s), 73.45 (d), 67.15 (d), 63.05 (t), 61.89 (t), 46.14 (t),
41.67 (q), 34.99 (t), 32.92 (t), 29.89 (t), 29.66 (t), 29.64 (t), 29.54 (t), 25.88 (t), 25.74 (t).

11-allylpropargylaminoundecan-1,10-diol (D3). Yellow oil. Yield 87%.

HO\(\/\/\/\/\OH
AC

N

N
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'H NMR (CDCls, TMS, & ppm): 5.78 (1H, m, CH,=CH-), 5.19 (2H, m, CH,=CH-), 3.61 (1H,
t, CH-OH), 3.58 (2H, m, -CH,-OH), 3.38 (2H, dd, -CH,-C=CH), 3.24 (1H, dd, -CH.-
CH=CH,), 3.06 (1H, dd, -CH,-CH=CH,), 2.49 (1H, dd, -N-CH,-), 2.26 (1H, dd, -N-CH,-),
2.18 (1H, s, CH=C) and 1.55-1.26 (16H, -CH,-).

13C NMR (CDCl3, & ppm): 134.91 (d), 118.46 (t), 78.21 (q), 73.19 (d), 66.90 (d), 62.74 (t),
59.29 (t), 41.83 (t), 34.75 (t), 32.73 (t), 29.70 (t), 29.49 (t), 29.46 (t), 29.38 (t), 25.72 (t),
25.57(t).

11-diethylaminoaminoundecan-1,10-diol (D4). Yellow oil. Yield 96%.

Ho\(\/\/\/\/\OH
~N

N
\

'H NMR (CD3OH, TMS, & ppm): 3.63 (1H, m, CH-OH), 3.52 (2H, t, -CH,-OH), 2.62 (1H,

dq, Jgem= 14.4 Hz, Jyic = 7.6 Hz, N-CH,-CH3), 2.55 (1H, dq, Jgem = 14.4 Hz, Jyic = 7.6 Hz, N-

CH,-CH3), 2.40 (1H, dd, Jgem = 19.9 Hz, Jyic = 13.8 Hz, N-CH,-CH), 2.38 (1H, dd, Jgem = 19.9

Hz, Jyic= 13.8 Hz, N-CH,-CH), 1.57-1.34 (18H, -CH,-), 1,02 (6H, dd, -CH,-CHs).

3¢ NMR (CD;0H, 6 ppm): 68.17 (d), 61.58 (t), 59.28 (t), 47.01 (t), 35.33 (t), 32.29 (t),
29.48 (t), 29.36 (t), 29.33 (t), 25.58 (t), 10.37 (q).
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7.2.2. Polyurethane synthesis

Synthesis of polyurethanes from IPDI for thiol-ene/yne modification (PUD1-3)

o
N\C‘o- sSn2*
o
HO OH + OCN Neo 2 - }° o_N N
\(\/\/\/\/\ DMF 7 \rr N n
R o H
N° N-R
v 1
R R'

D1 : R = -CH,CH=CH, ; R' = -CH,
D2:R=-CH,C=CH ; R'=-CH;
D3:R=-CH,C=CH ; R' = -CH,CH=CH,

D1-3 (1.84 mmonl) and tin (Il) ethyl hexanoate (6 pL, 0.02 mmol) was placed ina 10 mL
round-bottom flask equipped with a Teflon coated stirring bar and closed by septum.
To the mixture were applied 6 cycles of vacuum/argon. Dried DMF (0.4 mL) was
injected into the flask and the solution was stirred and heated at 60°C for 20 minutes.
IPDI (0.4 mL, 1.84 mmol) was injected and the reaction mixture was left for 24 h. After
this time, the solution was died with methanol (0.1 mL) and was precipitated into 250

mL of diethylether, filtered and dried under vacuum for 24h.

PUD1 Yield 93%.

H (0]
Ot Y,
-, o H

N

3

'H NMR (CDCl3, TMS, & ppm): 5.81 (1H, m, CH,=CH-), 5.13 (2H, m, CH,=CH-) , 4.82 (1H,
broad signal, CO-NH-CH,-, Z-IPDI) , 4.81 (1H, m, CH-OCO-), 4.70 (1H, broad signal, CO-
NH-CH,-, E-IPDI), 4.50 (1H, broad signal, CO-NH-CH-), 4.03 (2H, t, -CH,-OCO), 3.79 (1H,
m, -CH ring), 3.24 (2H, d, -CH,-NH-, E-IPDI), 3.00 (2H, d, CH,-CH=CH,), 2.91(2H, d, -CH,-
NH-, Z-IPDI), 2.49 (1H, m, N-CH,-CH), 2.38 (1H, m, N-CH>-CH), 2,26 (3H, s, -N-CH3) and
1.79-0.63 (24H, -(CH;),-CH3).
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13C NMR (CDCls, & ppm): 157.18 (s), 155.72 (s), 135.85 (d), 117.30 (t), 65.03 (t), 64.79
(t), 62.56 (t), 58.74 (t), 58.74 (t), 46.03 (t), 44.43 (t), 42.23 (s), 36.44 (t), 35.06 (q), 33,02
(t), 32.68 (d), 31.75 (t), 31.69 (t), 31.43 (t), 29.37 (t), 29.17 (t), 27.57 (t), 25.72 (t), 25.20
(s) and 23.21 (s).

PUD?2 Yield 93%.

H (o)
e
(o)

N

'H NMR (CDCl3, TMS 6 ppm: 4,79 (1H, broad signal, CO-NH-CH,-, Z-IPDI), 4.78 (1H, m,
CH-OCO-), 4.71 (1H, broad signal, CO-NH-CH,-, E-IPDI), 4,45 (1H, broad signal, CO-NH-
CH-), 4,03 (2H, t, -CH,-OCO), 3,79 (1H, m, -CH ring), 3.40 (2H, dd, CH,-C=CH), 3.29 (2H,
d, -CH,-NH-, E-IPDI) ), 2.91 (2H, d, -CH,-NH-, Z-IPDI), 2.49 (2H, d, N-CH,-CH), 2.32 (3H, s,
CH5-N), 2.18 (1H, s, CH=C-), and 1.71-0.86 (24H, -(CH5)-CHs).

3C NMR (CDCls, & ppm): 162.57 (s), 156.81 (s), 78.38 (s), 73.39 (d), 71.90 (t), 64.95 (t),
56.03 (t), 54.88 (t), 46.95 (d), 44.53 (t), 42.92 (t), 41.86 (q), 35.06 (q), 32.80 (t), 31.83
(t), 31.43 (t), 29.44 (t), 29.24 (t), 29.03 (t), 27.61 (t), 25.84 (t), 25.33 (s) and 23.22 (s).

PUD3 Yield 91%.

'H NMR (CDCl3, TMS, 6 ppm): 5.81 (1H, m, CH,=CH-), 5.12 (2H, m, CH,=CH-) , 4.80 (1H,
broad signal, CO-NH-CH,-, Z-IPDI) , 4.79 (1H, m, CH-OCO-), 4.68 (1H, broad signal, CO-
NH-CH,-, E-IPDI), 4.48 (1H, broad signal, CO-NH-CH-), 4.01 (2H, t, -CH,-OCO), 3.79 (1H,
m, -CH ring), 3.35 (2H, dd, CH,-C=CH), 3.26 (2H, d, -CH,-NH-, E-IPDI) ), 2.95 (2H, d,-CH-
NH-, Z-IPDI), 2.91 (2H, d, CH,-CH=CH,), 2.49 (2H, d, N-CH,-CH), 2.21 (1H, s, CH=C-), and
1.71-0.86 (24H, -(CH,)n-CHs).
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3C NMR (CDCl;, & ppm): 157.18 (s), 155.72 (s), 134.89 (d), 118.45 (t), 78.20(s),
73.18(d), 66.89 (t), 66.83(t), 62.73 (t), 60.88(t), 59.27 (t), 56.62 (t), 56.08 (t), 41.83 (t),
32.72 (t), 29.70 (t), 29.49 (t), 29.48 (t), 29.45 (t), 29.38 (t), 25.72 (t), 20.26 (s) and 11.76

(s).

Synthesis of polyurethane from IPDI for acid-base modication (PUDA4)

H (o)
l'°\(‘(v)7\’°1r” uﬂ\l
N °

N

D4 (0.45 g, 1.84 mmol) and tin (IlI) ethyl hexanoate (6 pL, 0.02 mmol) was placed in a
10 mL round-bottom flask equipped with a Teflon coated stirring bar and closed by
septum. To the mixture were applied 6 cycles of vacuum/argon. Dried THF (2 mL) was
injected into the flask and the solution was stirred and heated at 60°C for 20 minutes.
HDI (0.3 mL, 1.84 mmol) was injected and the reaction mixture was left for 4 h.

Polymer was dried under vacuum during 24h. Yield 95%.

H NMR (CDCls, TMS, & ppm): 4.82 (1H, broad signal, CO-NH-CH,-, Z-IPDI) , 4.77 (1H, m,
CH-OCO-), 4.54 (1H, broad signal, CO-NH-CH,-), 4.00 (2H, t, -CH,-OCO), 3.77 (1H, m, -
CH ring), 3.23 (2H, d, -CH,-NH-, E-IPDI) ), 2.90 (2H, d,-CH,-NH-, Z-IPDI), 2.52 (4H, g, CH-
CHs), 2.52 (1H, dd, N-CH,-CH), 2.42 (1H, dd, N-CH,-CH) and 1.71-0.86 (24H, -(CH,),-
CHs).

3C NMR (CDCls, & ppm): 157.23 (s), 155.41 (s), 65.33 (t), 64.89 (t), 62.56 (t), 58.77 (t),
58.74 (t), 46.71 (t), 45.43 (t), 42.32 (s), 36.44 (t), 35.06 (q), 33,02 (t), 32.68 (d), 31.75
(t), 31.69 (t), 31.43 (t), 29.37 (t), 29.17 (t), 27.57 (t), 25.72 (t), 25.20 (s), 23.21 (s), 20.14
(t), 12.09 (q).
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Synthesis of polyurethane from HDI for acid-base modication (PU1 and PU2)

o
/\/\C"o o o
HOWOH ¢ OONeA~A~~NcO ———— }° 6 OJLN"M?NJJ\L]
R" THF R H H

Sn2+
2

N~ N
L )
R' R'
D1: R=-CH,CH=CH, ; R'=-CHj; PU1: R=-CH,CH=CH, ; R'=-CH;
D4: R=R'=-CH,CH; PU2: R=R'=-CH,CH;

D1 or D4 (1.84 mmol) and tin (Il) ethyl hexanoate (6 pL, 0.02 mmol) was placed in a 10
mL round-bottom flask equipped with a Teflon coated stirring bar and closed by
septum. To the mixture were applied 6 cycles of vacuum/argon. Dried THF (2 mL) was
injected into the flask and the solution was stirred and heated at 60°C for 20 minutes.

HDI (0.3 mL, 1.84 mmol) was injected and the reaction mixture was left for 4 h.

PUL. Yield 96%

(0] o

+°\(sz\oﬂuwu”\ln

N

L

'H NMR (CDCls, TMS, & ppm): 5.81 (1H, m, CH,=CH-), 5.13 (2H, m, CH,=CH-), 4.84 (1H,
m, CH-OCO-), 4.79 (2H, broad signal, CO-NH-CH,-), 4.01 (2H, t, -CH,-0CO), 3.13(2H, d, -
CH,-NH-), 3.03 (2H, d, CH,-CH=CH,), 2.52 (1H, m, N-CH,-CH), 2.38 (1H, m, N-CH,-CH),
2,26 (3H, s, -N-CHs) and 1.66-1.18 (22H, -(CHa)n-).

3C NMR (CDCl3, & ppm): 157.19 (s), 155.70 (s), 135.85 (d), 117.31 (t), 64.89 (t), 56.51
(t), 47.68 (t), 40.75 (t), 29.93 (t), 29.57 (d), 29.47 (t), 29.22 (t), 29.10 (t), 26.29 (t), 25.84
(t), 25.39 (t) and 23.21 (s).

PU2. Yield 96%
(o] (o)

+°\(sz\okuwu”\ln
N/\
N
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IH NMR (CDCls, TMS, & ppm): 4.78 (2H, broad signal, CO-NH-CH,-) , 4.81 (1H, m, CH-
0CO0-), 4.00 (2H, t, -CH,-0CO0), 3.13(2H, d, -CH,-NH-), 2.53 (1H, dd, N-CH,-CH), 2.53 (4H,
g, N-CHy-CHs) 2.42 (1H, dd, N-CH,-CH), 1.58-0.25 (22H, -(CH,).) and 0.96 (6H, t, N-CH,-
CHs).

3C NMR (CDCl3, & ppm): 156.60 (s), 72.82 (d), 64.87 (t), 56.52 (t), 47.69 (t), 40.74 (1),
29.94 (t), 29.57 (d), 29.46 (t), 29.25 (t), 29.05 (t), 26.31 (t), 25.85 (t), 25.39 (t) and 11.83

(a).

7.2.3. Polyurethane modification

Chapter 1: Synthesis of hydrophilic polyurethanes (PUD1-20H, PUD2-40H and PUD3-
60H)

hv | n. Hs’\EOH
DMPA, THF oH
_ 1 | R = -CHx-CH=CH;, _ - |R=-CH-C=CH _ 2 | R=-CH,-C=CH
n=1pg = ch, n= ZJ R’ = -CH, n=3 J R’ = -CH,-CH=CH;
H o H o H o
l’of‘(v)i\'o*n'N Hﬂ\l l'o\(‘(\%\’o*n'N Hﬂ\l 1'0\(‘(\*)7\/0}1'" uﬂ\l
N/ o N/ (o) OH N/\L (o]
'\L ws H\/sf s
S/\EOH s J\OH OH s OH
OH Hoj) OH '\EOH OH

PUD1-3 (1 mmol) and 5% (w/w) DMPA was added to a 10mL round-bottom flask with a
Teflon coated stirring bar and was closed by septum. The mixture was degassed six
times and was purged with argon through a needle using a vacuum/argon line and
using a syringe, 2mL of anhydrous THF and the appropriate amounts of thioglycerol (2
mmol for PUD1, 4 mmol for PUD2 and 6 mmol for PUD3) were added, and the
components were dissolved. The reaction was stirred at room temperature under UV

irradiation (365 nm) for 2 hours and the polymer was precipitated into cold water and
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was washed with water three times. The polymer was dried under vacuum at 60°C

during 24 hours.

Chapter 2: Synthesis of ionic biurethane (BIU)

(o}
/\/\C‘o' Sn?* H H
HO OH 4+ 2 _~_NCO 2 5 ANy O O N~
\(N\/:\/\/\/ —>THF I \g\/\/\/ i
C \

D4 (0.87 g, 2.10 mmol) and tin (IlI) ethyl hexanoate (6 pL, 0.02 mmol) was placed in a
10 mL round-bottom flask equipped with a Teflon coated stirring bar and closed by
septum. To the mixture were applied 6 cycles of vacuum/argon. Dried THF (2 mL) was
injected into the flask and the solution was stirred and heated at 60°C for 20 minutes.
Propyl isocianate (0.2 mL, 2.1 mmol) was injected and the reaction mixture was left for
4 h. The resulting oil was purified by column chromatography using silicagel and

hexane/ethyl acetate 1/1 as eluent. Yield 92%.

'H NMR (CDCls, TMS, & ppm): 4.77 (1H, broad signal, CO-NH-CH,-), 4.69 (1H, m, CH-
0CO-), 4.65 (1H, broad signal, CO-NH-CH,-), 4.01 (2H, t, -CH,-OCO), 3.16 (2H, d, -CH,-
NH-), 2.51 (4H, g, N-CH,-CHs), 2.51 (1H, dd, N-CH,-CH), 2.41 (1H, dd, N-CH,-CH), 1.68-
1.16 (18H, -(CHa)n), 0.98 (6H, t, N-CH,-CHs) and 0.90 (6H, t, CH-CH,-CHs).

H H AN COOH H H
N_O O__N N__O O__N
NN (o] o NN
§ HTL
ANANAC00T

BIU (1g, 2,4 mmol) was mixed with octanoic acid (0.35 g, 2.4 mmol) at room

temperature for 2h. The solvent was removed with vacuum at room temperature.
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'H NMR (CDCl5, TMS, & ppm): 8.63 (1H, broad signal, *N-H), 4.87 (1H, m, CH-OCO-),
4.64 (2H, broad signal, CO-NH-CH,-), 4.02 (2H, t, -CH,-OCO), 3.17 (2H, d, -CH,-NH-),
2.80-2.60 (6H, N-CH,-CH and N-CH,-CHs), 2.26 (2H, t, -CH,-COO’), 1.67-1.17 (28H, -
(CH,)n), 1.06 (6H, t, N-CH,-CHs) and 0.95-0.80 (9H, t, CH,-CH,-CHs).

Chapter 2 and chapter 3: Synthesis of ionic polyurethanes (SIPU1, SIPU2, SIPU3,
SIPU4, SPUN1, SPUN2, SPUN3, SPUN4 and SPUN5)

The reaction was stoped with MeOH (0.02 mL) at room temperature for 1h. Di or
tricarboxylic acid were added (9.2 mmol for diacid and 6.1 mmol for citric acid). The
mixture was left for 2h. The solution was extracted with syringe and in Teflon plate

was put. The polymer was dried under vacuum at 40°C for 24h.

SIPUs
o o)
H R-COOH H
o Oo_N o Oo_N
t fM;\z \r u”\ln - | \(M;\, I Hﬂ\}n
SN
~ "00C-R'
SIPUT:R'=-(CHJCHy
SIPU2 : R' = -(CH,)g-COO" TR= \|/\<_:oo-
SIPU3 : R' = -(CH,),-COO" coo
SIPU1

'H NMR (CDCl3, TMS, 6 ppm): 4.82 (1H, broad signal, CO-NH-CH,-, Z-IPDI) , 4.77 (1H, m,
CH-OCO-), 4.54 (1H, broad signal, CO-NH-CH,-), 4.00 (2H, t, -CH,-0OCO), 3.77 (1H, m, -
CH ring), 3.23 (2H, d, -CH,-NH-, E-IPDI) ), 2.90 (2H, d,-CH>-NH-, Z-IPDI), 2.75 (4H, q, CH,-
CHs), 2.81 (1H, dd, N-CH,-CH), 2.63 (1H, dd, N-CH,-CH) and 1.71-0.86 (24H, -(CH2)n-
CHs).

SIPU2

'H NMR (CDCls, TMS, & ppm): 4.82 (1H, broad signal, CO-NH-CH,-, Z-IPDI) , 4.77 (1H, m,
CH-OCO-), 4.54 (1H, broad signal, CO-NH-CH,-), 4.00 (2H, t, -CH,-OCO), 3.77 (1H, m, -
CH ring), 3.23 (2H, d, -CH,-NH-, E-IPDI) ), 2.90 (2H, d,-CH,-NH-, Z-IPDI), 2.73 (4H, g, CH,-
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CHs), 2.75 (1H, dd, N-CH,-CH), 2.62 (1H, dd, N-CH,-CH) and 1.71-0.86 (24H, -(CH,),-
CHs).

SIPU3

H NMR (CDCls, TMS, & ppm): 4.82 (1H, broad signal, CO-NH-CH,-, Z-IPDI) , 4.77 (1H, m,
CH-OCO-), 4.54 (1H, broad signal, CO-NH-CH,-), 4.00 (2H, t, -CH,-OCO), 3.77 (1H, m, -
CH ring), 3.23 (2H, d, -CH,-NH-, E-IPDI) ), 2.90 (2H, d,-CH,-NH-, Z-IPDI), 2.82 (4H, g, CH,-
CHs), 2.85 (1H, dd, N-CH,-CH), 2.68 (1H, dd, N-CH,-CH) and 1.71-0.86 (24H, -(CH,).-
CHs).

SIPU4

'H NMR (CDCls, TMS, & ppm): 4.82 (1H, broad signal, CO-NH-CH,-, Z-IPDI) , 4.77 (1H, m,
CH-OCO-), 4.54 (1H, broad signal, CO-NH-CH,-), 4.00 (2H, t, -CH,-OCO), 3.77 (1H, m, -
CH ring), 3.23 (2H, d, -CH-NH-, E-IPDI) ), 2.90 (2H, d,-CH,-NH-, Z-IPDI), 2.75 (4H, q, CH,-
CHs), 2.82 (1H, dd, N-CH,-CH), 2.65 (1H, dd, N-CH,-CH) and 1.71-0.86 (24H, -(CH,)n-

CHs).
SPUNs
2 9 R-COOH JOL 9
" (o]
Jr°\(‘(v)z\/\o”~uw~"\ln RCOOH 4 o u"(v)?u”\h.
NS ,N:\
N HL .
0O0C-R
OH
SPUN1 : R' = -(CH;)g-COO" SPUN4: R’ =\|/\COO'
SPUN2 : R' = -(CH,)4-COO" COoO-
SPUN3 : R' = -(CH,),-COO" SPUN5 : R'=-COO"
SPUN1

'H NMR (CDCl5, TMS, & ppm): 6.59 (1H, broad signal, *N-H), 5.02 (2H, broad signal,
CO-NH-CH,-) , 4.82 (1H, m, CH-OCO-), 4.01 (2H, t, -CH,-OCO), 3.12(2H, d, -CH,-NH-),
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2.85-2.39 (6H, N-CH,-CH and N-CH»-CHs), 2.21 (2H, t, -CH,-COO’), 1.58-0.25 (24H, -
(CH,).) and 1,04 (6H, t, N-CH,-CHs).

SPUN2

'H NMR (CDCl5, TMS, & ppm): 6.59 (1H, broad signal, *N-H), 5.12 (2H, broad signal, CO-
NH-CH,-) , 4.84 (1H, m, CH-OCO-), 4.01 (2H, t, -CH,-OCO), 3.13(2H, d, -CH,-NH-), 2.85-
2.39 (6H, N-CH,-CH and N-CH,-CH3), 2.25 (2H, t, -CH,-COQO’), 1.58-0.25 (24H, -(CH>))
and 0.96 (6H, t, N-CH,-CHs).

SPUN3

'H NMR (CDCl5, TMS, & ppm): 6.61 (1H, broad signal, *N-H), 5.01 (2H, broad signal,
CO-NH-CH,-) , 4.89 (1H, m, CH-OCO-), 4.01 (2H, t, -CH,-OCO), 3.12(2H, d, -CH,-NH-),
2.80-2.61 (6H, N-CH,-CH and N-CH,-CH3), 2.54 (2H, s, -CH,-COO’), 1.58-0.25 (24H, -
(CH2)n) and 1,05 (6H, t, N-CH,-CH3).

SPUN4

'H NMR (CDCls, TMS, & ppm): 6.59 (1H, broad signal, "N-H), 5.02 (2H, broad signal,
CO-NH-CH,-) , 4.82 (1H, m, CH-OCO-), 4.01 (2H, t, -CH,-OCO), 3.12(2H, d, -CH,-NH-),
2.85-2.39 (6H, N-CH,-CH and N-CH,-CHs), 2.21 (2H, t, -CH,-COO’), 1.58-0.25 (24H, -
(CH2)n) and 1,04 (6H, t, N-CH,-CH3).

SPUNS5

'H NMR (CDCls, TMS, & ppm): 6.56 (1H, broad signal, *"N-H), 5.93 (2H, broad signal,
CO-NH-CH,-) , 4.85 (1H, m, CH-OCO-), 4.01 (2H, t, -CH,-0OCO), 3.12(2H, d, -CH,-NH-),
2.90-2.49 (6H, N-CH,-CH and N-CH,-CHs), 2.21 (2H, t, -CH,-COO’), 1.58-0.25 (24H, -
(CH2)n) and 1,04 (6H, t, N-CH,-CH3).
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Chapter 3: Synthesis of covalent polyurethane networks (CPU)

N
'\II Hgn\/‘b’g‘uﬁoAm;\)\o*fn

The reaction of PU1 was stoped with MeOH (0.02 mL) at room temperature for 1h.
DMPA 1% (w/w) respect the diol weight and 1,4-butadithiol (0,21 mL, 1,84 mmol) were
added. The solution stirred at room temperature for 1 hour. The THF was dried by
solution casting method at room temperature during 12 hours in dark conditions. The
film was reacted under UV irradiation (365 nm) for 1.5 hours. Film was dried at 40 °C

during 24h.

Chapter 4: Synthesis of covalent/ionic polyurethanes networks (ICPUN)

o oM
s r\(v);\, A \/\M;\NJJ\}H ooc
NS o H coo” 5
o o _+ “H +
H o Hs~*0-_~0"“"sH coo /\)OL JOJ\/\ N
o o_N ~ ‘ooc Ho
t \(‘Mf\/ e \/\(V)?HJLL, HS.~0 s o: :—o s
N o DMPA, THF ) S0 o
coo” 0o0C l)/ °=(
¢oo [ coo”, NH

PU1 was mixed in THF solution with DMPA 1% (w/w) respects the diol weight and
different molar percentage: 7, 15, 30 and 60% of TMMP were added. The solution
stirred at room temperature for 1 hour. The THF was dried by solution casting method
on a Petri dish at room temperature during 48 hours in dark conditions. The film was

reacted under UV irradiation (365 nm) for 2.5 hours and dried at 40 °C during 24h.



UNIVERSITAT ROVIRA I VIRGILI
AVANCES EN SISTEMAS INTERACTIVOS PARA PERSONAS CON PARALISIS CEREBRAL

Marc Comi Bonachi

Experimental part | 179

7.3. Instrumentation

Nuclear Magnetic Ressonance (NMR) analysis

'H NMR (400 MHz) and *C NMR (100.6 MHz) spectra were recorded using a Varian
Gemini 400 spectrometer. Spectra were recorded at room temperature using 15-25
mg of sample, in CDCl;z or CD30D as solvent. Chemical shifts were reported in ppm

relative to TMS as internal standards.

Fourier Transform Infrared Spectroscopy (FT-IR)

FTIR spectra were recorded on a Bomem Michelson MB 100 FTIR spectrophotometer
with a resolution of 4 cm™ in the absorbance mode. An attenuated total reflection
(ATR) device with thermal control and a diamond crystal (Golden Gate heated single-

reflection diamond ATR, Specac-Tknokroma) was used.

Raman spectroscopy

Raman spectra were recorded on a RENISHAW-INVIA spectrometer. A laser of
wavelength 785 nm line filtered at 10% of its nominal power was used. Each spectrum
was obtained by accumulation of two spectra recorded from 800 to 3200 cm™ over

120s.

Size Exclusion Chromatography (SEC)

Size exclusion chromatography (SEC) analysis in DMF with 0.025 M of LiCl was carried
out with an Agilent 1200 series system equipped with three serial columns (PLgel 3um
MIXED-E, PLgel 5um MIXED-D and PLgel 5um MIXED-C from Polymer Laboratories) and
an Shimatzu RID-6A refractive-index detector working at 60 °C at a flow rate of 1.0
mL/min. The calibration curves for SEC analysis were obtained with polystyrene (PS)

standards.
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Differential Scanning Calorimetry (DSC)

Calorimetric studies were carried out on a Mettler DSC821 differential scanning
calorimeter. Samples were accurately weighed (5.5 + 0.5 mg) and sealed in hermetic
aluminium pans. Dry nitrogen gas was purged into the DSC cell at a flow rate of 100
mL/min. DSC analysis was carried out in three cycles two of heating and one of cooling
from -50°C to 100°C, from 100°C to -50°C and finally from -50°C to 100°C at scanning

rate of 10°C/min.

Thermogravimetric Analysis (TGA)

Thermal stability studies were carried out on a Mettler TGA/SDTA851e/LF/1100 with
N2 as purge gas at a flow rate of 100 mL/min. The studies were performed in the 30—
600°C temperature range at a scan rate of 10°C/min. Samples of 10 + 0.5 mg in a

ceramic pans were used.

Dinamomechanical and thermal Analysis (DMTA)

Mechanical properties were measured using a dynamic mechanical thermal analysis
(DMTA) apparatus TA DMA 2928 in the controlled force-tension Film mode. The tensile
essays were performed on rectangular films (20 x 5 x 0.5 mm?) measuring the strain
while applying a ramp of 3N/min at 20-150°C. Preload forces of 0.01 N and soak time

of 5 min were used.

Shape memory behavior testing the temperature-induced shape-memory behaviors
were determined with cyclic thermo-mechanical analysis in accordance with. All
samples were dried at 100°C in vacuo for 24h and cut in rectangular pieces of

approximately 10mmx5.0mmx0.5mm. The test setups:
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1)

2)

For dual-shape-memory cycles: (1) heating to Tg+20-25°C (based on DMA) and
equilibrated for 20 min; (2) uniaxially stretching to strain (g10a¢) by ramping
force from 0.001 N to 0.1 or 0.4 N at a rate of 0.05 or 0.2 N/min respectively;
(3) fixing the strain (g) by quickly cooling to Tg-20-25°C with a rate of -5°C/min,
followed by equilibration for 20 min; (4) unloading external force ON at a rate
of 0.05 or 0.2 N/min; (5) reheating to Tg+20-25°C at a rate of 5°C/min and

followed by equilibration for 20min; the recovery strain (&) is finally recorded.

For triple-shape-memory cycles: (1) heating to ca. Tg+25°C (based on DMA) and
equilibrated for 20 min; (2) uniaxially stretching by ramping force from 0.001 N
to 0.3 N at a rate of 0.15 N/min; (3) fixing the strain by quickly cooling to Tg-10
°C with g=-10°C/min, followed by equilibration for 20 min; (4) unloading
external force ON at a rate of 0.15 N/min, followed by equilibration for 8 min;
(5) uniaxially stretching by ramping force from 0.001 N to 1.5 N at a rate of 0.25
N/min; (6) further fixing the strain by quickly cooling to Tg-30°C with with a rate
of =-5 °C/min, followed by equilibration for 20 min; (7) unloading external force
ON at a rate of 0.25 N/min; (8) reheating to T,-10°C at a rate of 5 °C/min and
followed by equilibration for 20 min; (9) reheating to ca. Tg+20°C at a rate of

5°C/min and followed by equilibration for 20min.

Calculations of shape memory behaviors For dual-shape memory effect, the shape

fixity (Rsx) and shape recovery (R,) were calculated using equations (1) and (2) below:

Ry, = ——x100 (1)
load

R ={&=%m) 400 (2)
&

Where gj,qq represents the maximum strain under load, € is the fixed strain after

cooling and load removal, and &, is the strain after recovery. Equations (1) and (2) are

expanded to equations (3) and (4) to calculate Ry and R for triple-shape memory

effect.
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R, (X >Y)=— & =8 109 3)
(gy, load —gx)
(gy_gx, rec)
R (Y & X)=——x100 (4)
(gy_gx)

Where X and Y denote two different shapes, respectively, €, 0a represents the
maximum strain under load, €, and &, are fixed strain after cooling and load removal,

and €, . is the strain after recovery.

Rheological analysis

Small amplitude oscillatory flow experiments were carried out on a Thermo-Haake
Rheostress | viscoelastometer, using a parallel plate geometry. The testing protocol
consisted of temperature sweeps to determine G’ and G” on heating cycles at an
angular frequency of 6.28 rad/s and temperature intervals defined for each sample.
Cooling cycles were also carried out, to test the reversibility of the rheological process.
The temperature ramp rate was 5 °C/min. Angular frequency sweeps were also
performed at constant strain amplitude in isothermal experiments at the temperatures
reflected in the text. The strain value was selected when that both moduli G and G”

were obtained in the linear viscoelastic regime.

The electrical conductivity was determined using the Dielectric Analysis option (DETA)
of the ARES Rheometer (TA Instruments) coupled to an Agilent E4980 Bridge (Agilent).
Electrodes were 20 mm diameter stainless steel plates and the measurements were
performed on samples of 1 mm thickness. Temperature sweeps were carried out in the
temperature range from 0 °C to 130 °C using a voltage of 1 V. Test were performed
using frequency at 6,28 rad/s. Dielectric data were recorded as a function of the
frequency (v). The real part of the conductivity, o’ (v) is calculated from the imaginary

part of the dielectric constant £”’(v) through the relation using equation (5) :

o'(v) = 2zveg,e" (V) (5)
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Where £,=8.8510-12 F/m is de vacuum permittivity. The variation of the conductivity
with frequency is described by the Universal Dynamic response. The dielectric
conductivity value calculated from the frequency independent conductivity associated

to the low frequency regime accounts for the ionic conductivity.

Mechanical Analysis

Tensile tests were performed with an Instron dynamometer (model 5942, USA) on
specimen of 45 x 5 x 2 mm? length. Distance between the rips of about 30 mm at a

crosshead rate of 10 or 100 mm/min and at room temperature.

Specimens for self-healing tests were prepared following two steps. In the first step
the measured specimen was cut into two parts at the middle. In the second step the
two parts were recombined into a Teflon mould and were remained for different times
at room temperature. The self-healing efficiency was calculated using equation (6) as:

healed
Us

virgin
Uy

Nsy = x100 (6)

Where, Ur=area underneath the stress—strain (0—€) curve = o x €.

Specimens for recycling tests were obtained from used specimen who was cut in
different parts and then the parts were put into Teflon mould under pressure at 40°C

for 2h. The obtained specimen was analysed following the mentioned tensile method.

The loading-unloading tests were carried out at a loading and unloading rate of 100
mm/min. The final of loading test was fixed with different strains and the final of
unloading test was selected when the stress was near 0 MPa. The hysteresis energy,

AU;, in the ith loading—unloading cycle is defined by equation (6) as:
AU, = ifa de (7)

where o is stress, and € is strain. The energy loss coefficient, n, measures how
efficiently a material dissipates energy and is calculated with equation (8) as:

77=AU—U‘ U =["0cds (8)
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where U, is the elastic energy stored in the materials when it is loaded elastically to a

stress omax in the ith cycle.

Environmental Scanning Electron Microscopy (ESEM)

Environmental scanning electron microscopy (ESEM) images were obtained with a FEI

QUANTA 600 instrument using an accelerating potential of 10 KV.

Contact Angle

The contact angle of deionised water against polymer surfaces was measured by the

water drop method (3puL) at 25°C, using the OCA15EC contact angle setup (Neurtek

Instruments).
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In this Thesis has been demonstrated that fatty acids derived from castor oil are
efficient raw materials for the preparation of side-chain functionalized polyurethanes
(PU)s with improved properties. Moreover, the use of click chemistry thiol-ene/yne
coupling and acid-base reactions were successful methodologies to modify these
functionalized PUs with a wide range of compositions and displaying diverse

behaviour.
The conclusions of this research are summarized as follows:

e Ring-opening reaction of fatty acid-derived epoxide with secondary amines allows
the straightforward preparation of tertiary amine-, alkene- and/or alkyne-
containing diols.

e The polymerization of functional diols with isophorone diisocyanate or
hexamethylene diisocyanate leads to allyl- and propargyl- functionalized PUs.

e Photoinitiated thiol-ene/yne coupling reaction is an efficient process to post-
polymerization modification of alkene/yne side-chain PUs with thioglycerol to
obtain PUs with enhanced hydrophilicity.

e Acid-base reaction is a simple approach to synthesize supramolecular PUs by
interaction between tertiary amino-side chain PU and carboxylic acids.

e Supramolecular PUs have been characterized to determine their chemical structure
and their thermal and mechanical properties, concluding that supramolecular PUs
exhibit tuneable properties depending on the acid functionality and the chain
length of carboxylic acid.

e Supramolecular PUs networks display good energy dissipation mechanism, shape-
regeneration property, recycling/reshaping capability and inherent self-healing
ability , which can be seen as upgrade of their sustainability

e The combination of covalent and non-covalent approaches leads to dually cross-
linked networks. These materials exhibit different thermal and mechanical
properties depending on the covalent cross-link content. Moreover, these

materials present effective shape-memory properties.
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Appendix A: List of abbreviations

ADMET Acyclic diene metathesis polymerization
ATR Attenuated total reflection

BDT 1,4-butandithiol

CDCl; Deuterated chloroform

DMF N,N’-dimethylformamide

DMSO Dimethyl sulfoxide

DMPA 2,2-dimethoxy-2-phenylacetophenone
DMTA Dynamic mechanical thermal analysis
DSC Differential scanning calorimetry

AU; Hysteresis energy

E’ Storage modulus

E” Loss Modulus

3 Strain

€load Maximun strain under load

€rec Recovery strain

ESEM Environmental scanning electron microscopy
FTIR Fourier transform infrared spectroscopy
G’ Elastic moduli

G” Viscous moduli

GPC Gel permeation chromatography

HDI Hexamethylene diisocyanate

HSQC Heteronuclear single quantum coherence spectroscopy
ICPUN lonic-covalent polyurethane network
IPDI Isophorone diisocyanate

MDEA Methyldiethanolamine
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MDI
Mh
Mw
NMR
PU
Ryix
ROMP
Rrec
SEC
SIPU
SME
SPUN
Ts%
TDI

TG

TGA
THF
Trmax
TMMP

TMS

TPU

Ut

4,4'-Methylenebis(phenyl isocyanate)
Number average molecular weight
Weight average molecular weight
Nuclear magnetic resonance
Polyurethane

Shape fixity

Ring-opening metathesis polymerization
Shape recovery

Size exclusion chromatography
Supramolecular ionic polyurethane
Shape memory effect

Supramolecular polyurethane network
Temperature of 5% weight loss
Toluene diisocyanate

Thioglycerol

Glass transition temperature
Therogravimetric analysis
Tetrahydrofuran

Temperature of maximum weight loss

Trimethylolpropane tris(3-mercaptopropionate)

Tetramethylsilane
Network-liquid transition temperature
Thermoplastic polyurethane

Area underneath the stress-strain curve
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Appendix B:  List of Publications

Title: Synthesis of castor-oil based polyurethanes bearing alkene/alkyne groups
and subsequent thiol-ene/yne post-modification.

Authors: M. Comi, G. Lligadas, J. C. Ronda, M. Galia, V. Cadiz.

Ref.: Polymer, 2016, 103, 163-170.

Title: Carboxylic acid ionic modification of castor-oil based polyurethanes
bearing amine groups. Correlation between chemical structure and physical
properties.

Authors: M. Comi, M. Fernandez, A. Santamaria, G. Lligadas, J. C. Ronda, M.
Galia, V. Cadiz.

Ref.: Polymer 2017. Under revision.

Title: Post-synthetic non-covalent crosslinked polyurethanes as self-healing
elastomers from renewable resources.
Authors: M. Comi, G. Lligadas, J. C. Ronda, M. Galia, V. Cadiz.

Ref.: Submited to European Polymer Journal

Title: Biobased polyurethanes wit shape-memory properties through covalent and
non-covalent aproaches.
Authors: M. Comi, G. Lligadas, J. C. Ronda, M. Galia, V. Cadiz.

Ref.: To be submitted
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Appendix C: Meeting contributions

Authors: M. Comi, G. Lligadas, J. C. Ronda, M. Galia, V. Cadiz.

Poster presentation: Functional Polyurethanes with Modulable Properties from
Vegetable Oils Derivates

Xl Reunién del Grupo Especializado en Polimeros (GEP), Girona (Spain), 7-10

September, 2014.

Authors: M. Comi, M. Fernandez, G. Lligadas, J. C. Ronda, M. Galia, V. Cadiz.
Poster presentation: Functional Polyurethanes from Vegetable Qils Derivates
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Fourth International Symposium FronTiers in Polymers Science, Riva de Garda

(Italy), 11-14 May, 2015
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Poster presentation: Castor Oil-Based Polyurethanes with Allyl and Propargyl
Side Groups and Subsequent Thiol-Ene/Yne Post-Modification

XIV Reunidn del Grupo Especializado en Polimeros (GEP), Burgos (Spain), 5-8
September, 2016.

Authors: M. Comi, G. Lligadas, J. C. Ronda, M. Galia, V. Cadiz.

Oral Communication: Castor Oil-Derived Polyurethanes Engineered by
Dynamic Crosslinks for Self-Healing

XIV Reunidn del Grupo Especializado en Polimeros (GEP), Burgos (Spain), 5-8
September, 2016.



UNIVERSITAT ROVIRA I VIRGILIT
AVANCES EN SISTEMAS INTERACTIVOS PARA PERSONAS CON PARALISIS CEREBRAL
Marc Comi Bonachi

Appendix C | 196



UNIVERSITAT ROVIRA I VIRGILI
AVANCES EN SISTEMAS INTERACTIVOS PARA PERSONAS CON PARALISIS CEREBRAL
Marc Comi Bonachi





